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Abstract. The hydrogenation mechanism of acetylene—
ethylene mixtures on Pd catalysts under different exper-
imental conditions was studied by employing a time-
dependent Monte Carlo approach set to use a fixed
series of event probabilities. The dependence of the
catalyst activity and selectivity on the sizes of the metal
particles was simulated at microscopic level and the
results, also refined by fitting procedures, suggested
proper explanations for the apparent nonuniformity of
the related experimental findings. The use of the steric
hindrance parameter of the surface species and the
available surface energy on the metallic catalyst sites was
decisive for reproducing the experimental results.
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1 Introduction

Selective hydrogenation of alkynes and alkadienes in
alkene-rich feedstocks is a crucial preliminary step in
polymer synthesis. The removal of unsaturated hydro-
carbons from the mixtures, to reach a few parts per
million, is required to avoid poisoning effects on the
polymerisation catalysts. Selective hydrogenation of
acetylene traces in ethylene-rich feedstocks containing
hydrogen amounts comparable either with that of
ethylene [1] (front-end mixtures) or with that of acetylene
[2] (tail-end mixtures) is currently an important industrial
target [3]. The resulting products of this preliminary
transformation are employed in polyethylene synthesis.
For this reason the wastage of ethylene must be limited.
With this aim, low-charged Pd on amorphous alumina
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catalysts was developed and is still widely used today.
Besides the practical aspects, the apparent simplicity of
the mechanism involved in acetylene hydrogenation
stimulated the use of this reaction as a model reaction
and consequently much has been published on this topic.

Even the influence of the metal particle size on the
activity of heterogeneous metal catalysts has been
greatly debated [4] in recent years. Indeed, this aspect
was considered for both academic and practical pur-
poses [5] in order to gain more understanding about the
mechanism and to improve catalyst activity, respectively.
Other factors, such as surface decoration effects [6], may,
however, affect the reactivity of the metal catalyst.
Decoration effects could arise from the growth charac-
teristics of the metallic crystallite and/or the formation
of surface deposits [7, 8] occurring with the catalytic
reaction. Of course, experimentally it is impossible not
to have convoluted outcomes; therefore, it is not simple
to understand the real influence of the particle size
and of the surface decoration effects on the reaction
mechanism. The study of these influences is further
complicated by the fact that they can originate both by
geometric and/or electronic effects.

In fact, the mechanism of acetylene—cthylene hydro-
genation on metal catalysts turned out not to be at all
simple and was characterised by broken up insights
[5-9]. Hence, different surface mechanisms have been
suggested for different experimental conditions.

A model employing a deterministic algorithm has been
tried to unify the different perspectives on the reaction
mechanism [7]. In this case, however, the generality of the
result was strongly affected by the characteristics of the
deterministic approach [10] employed.

Here, it is shown that the time-dependent Monte
Carlo (tdMC) method [11, 12] is able to reproduce the
intrinsic details of the title reaction and to evaluate the
relevance of the surface dynamics involved. The sto-
chastic model presented in this work was tested by
simulating various experimental aspects of acetylene—
ethylene hydrogenation. The different experimental as-



pects were framed as one surface mechanism defined by
elementary microscopic events drawn by predetermined
[12] probabilities of occurrence.

Here a study concerning the influence of the crystal-
lite sizes on the activity and selectivity of the Pd catalysts
employed in the title reaction is performed together with
an introduction to the chemical model employed and to
technical and computational details.

2 Platforms, reaction model, codes
and other technical aspects

Several Pentium II (266450 MHz) personal computers
and one Digital Alpha (500 MHz) work station were
employed in this work. In the fitting procedures they
were connected by a virtual parallel technique employing
the PVM3 algorithm [12]. Identical results were obtained
in the simulations irrespective of the platform used.

The tdMC algorithm is based on the Ziff, Gulari,
Barshad (ZGB) model [13]. Like the latter, it does not
need to explicitly consider any expression of interaction
potential because the occurrence probabilities of the
different events (see later) are fixed before starting the
simulations; however, in contrast to the ZGB algorithm,
tdMC is able to perform a direct comparison with ex-
perimental kinetics results. This is because it includes an
internal clock characterised by a time unit tuned with the
frequency of the faster simulated event [10, 11], that is
determined automatically by the present code.

In the following we will refer to different time defi-
nitions:

e Simulation time, processing time to perform a given
simulation.

e Step time, time unit considered in a given simulation.
Time is incremented by one step for any hit of
hydrogen on the surface.

e Reaction time, experimental time reproduced in a
given simulation.

e Time slice, any considered fractions of the reaction
time.

e Event time, a nonconstant time slice elapsing between
two sequential events.

In the reaction model it is hypothesised that the
macroscopic effects produced by the title reaction, which
we suppose to occur in a continuous flow reactor [7], are
determined by the following elementary events:

e Null event, i.e. nothing occurs in the event time.

e Dissociative adsorption on and desorption from the
Pd surface of molecular hydrogen.

¢ Diffusion of atomic hydrogen through the Pd surface.

e Adsorption on, diffusion through and desorption
from the Pd surface of acetylene, ethylene and ethane.

e Formation on the Pd surface of molecular hydrogen,
ethyl, ethylene, vinyl and ethane by the meeting of
atomic hydrogen and the complementary surface
species.

e Diffusion through the Pd surface of vinyl or ethyl.

e Removal from the Pd surface of vinyl or ethyl with
the formation of atomic hydrogen and acetylene or
ethylene, respectively.
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e Formation on the Pd surface of carbonaceous species
(i.e. polymer species) having various shape and steric
properties.

All of these events have their own occurrence probability
(see later). As the events are mutually independent,
the sum of the event probability values, including the
null event, was never allowed to exceed 1 during the
simulation. A simplistic chemical representation of the
above points is given in the following Horiuti—Polanyi-
like scheme:

H, + 2+ & 2H(%)
G H, + 2+« & C2H2(*)2
CHy + 2+« & C2H4(*)2
CyHg + 2+« & C2H6(*)2
Csz( ( )<:>C2H3*2+*

), + (*)
CoHa(); + H(x) & CoHs(x), + *
CoH; (%), + H(x) = CoHa(x), + =
Csz(*)z + H(x) = CoHe(x), + *
(*) +C H( ) = C(x+W)H(y+z)(*)(m+n) 5

where * and (x) represent empty and occupied surface
sites, respectively, and X(x), generic species X adsorbed
on n adjacent catalyst sites. Among the possible atomic
surface hydrogen [14], the H(x) considered in this work
are the less thermodynamically stable surface hydrogen
species, with the others not actually participating in
the reaction [12]. The catalyst surface was mimicked by
square matrices [10, 12], representing {100} Face-
centred cubic metal faces, having sizes ranging between
50 x 50 and 100 x 100 elements (i.e. surface sites).
Diagonal movements through the surface are therefore
not allowed to the reacting species; however, this did not
influence the simulation results [12, 15]. Periodic bound-
ary conditions and lateral interactions were introduced
[12] to perform the simulations.

Since the simulations were performed for reactions
occurring in a continuous flow reactor, to consider the
changes of the number of molecules in the vapour phase
is not essential. In fact, the tdMC algorithm is able to
keep a constant composition of the mixture in the gas
phase, as derived from the conditions that were imposed
in the experiments.

The choice of the metallic face, the matrix sizes and
the other points mentioned previously ensured an
acceptable simulation time and the ability to reproduce
the mimicked physical conditions.

Simulating reactions that occur [7] in a continuous-
flow fixed-bed reactor, the composition of the vapour
phase was not influenced by ethane and/or ethylene
formation; therefore, the readsorption of ethane was
not taken into consideration. Since the experimental
hydrocarbon conversion values were very low [7], the
conditions relative to the composition of the vapour
phase were actually realistic.

The self-written tdMC algorithm employed in the
work is an expanded version of that used in the study of
ethylene hydrogenation [12] on metallic catalysts. RAN2
from Ref. [16] was used as a portable random number
generator.
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Taking into consideration the independence of the
events, they had a different starting seed and, therefore,
a different set of generated random numbers. The
results did not change significantly on carrying out
simulations that differed only for the set of starting
seeds [10, 12].

The typical reaction time reproduced in the simula-
tion was fixed at 1.0 x 107> s because it is certainly quite
longer than the time necessary to reach the steady state.
Moreover, the step time values were in the range be-
tween 1.0 x 107'! and 1.0 x 107'? s, depending on the
gas-phase mixture considered. These values were chosen
to obtain total probability values lower than 1. Since
in every step 10°-10° sequential events occurring in a
time slice having values within limits of 1.0 x 107"*-
1.0 x 107" s (event times) were considered, 10''-10'?
events were mimicked in the whole simulation.

The averaged values of the surface molar ratio of the
different species were collected in 205 points along with
the corresponding averaged values of the catalyst ac-
tivity and selectivity (see later). Therefore, every point,
representing an averaged value of a given physical
property (e.g. the surface molar ratio), was determined
by the contribution of about 5 x 105-5 x 10° values of
the same property sequentially taken in a corresponding
time slice. This time slice had a typical value of
9.8 x 10°%s. In particular, diagrams of the surface
population versus time slice were employed to establish
[10, 12] transient and steady-state conditions of the
reaction.

In this work, the results, obtained by simulating dif-
ferent experimental conditions, were compared only
when the surface reaction reached [12] a steady state.

The catalyst activities for the conversions
C,H, - C,Hy and C,H4 — C,Hg were reported by
their statistical equivalent [12] of the turnover frequency,
TOFc,n, and TOFc,y,, respectively. The selectivity was
defined as the selectivity to ethane, Sg [7]. At a given
time slice, the selectivity to ethane is defined as

Number of molecules of ethane formed

S =
E™ Number of molecules of acetylene converted
TOFc,u
100 = ————<x 100 1
8 TOFcn, | M

Sg was introduced into the study of acetylene hydroge-
nation in ethylene-rich feedstocks for technical reason
[17]; in contrast to the usual definitions of selectivity, the
lower the value of Sg, the better the selectivity of the
catalyst. Experimental and simulated TOF and selectiv-
ity to ethane are considered in this work. Since there is
no contest in which confusion can be induced, the same
symbols (TOFc,u,, TOFc,u, and Sg) will be employed
for experimental and simulated data.

Event probabilities are obtained [12] using the equa-
tion P = fAtL, where f'is the frequency of occurrence per
site per second of a given event, At is the step time and L
is the number of surface sites considered in the simula-
tion. The values of f are determined by collision theory
for the adsorption processes and by transition-state
theory for all other actions.

The frequency of the adsorption processes is given by

o 0
fec 2Tpr © 2)
v 2nmykgT

Referring to species X, ot is the sticking probability of
this species on free surface sites at a given temperature 7'
Px and my are the partial pressure and molecular mass of
X and kg is the Boltzmann constant. The function f{0) is
continuously updated by the tdMC algorithm [10, 12]
and depends on the surface population. ¢ is the surface
of one site, here set equal to %, with r the atomic radius
of the metallic site. The frequency of the other events is
given by

[ = (ksT/h)f(Q) exp(—AE/ksT)f(0) , (3)

where £ is the Planck constant, AE the activation energy
of the process and f(Q) is a functional expression of the
partition functions of the reactants and the activated
complex involved in the elementary event. In our surface
reaction model f{Q) can be estimated to be 1 for all the
events [12, 18] considered.

The steric hindrance parameter [10, 12] of the mole-
cules involved in the surface reaction was taken into
account in the simulation and its role was crucial to
achieve good reproduction of the experimental results.
The values of the steric hindrance parameters of the
surface species are summarised in Table 1, whereas the
thermodynamic parameters employed to determine [12]
the event frequencies are reported in Tables 2 and 3. If
not explicitly underlined these thermodynamic parame-
ters were employed to calculate the event probabilities
used in the simulations reported in this work.

Adsorption—desorption [23] processes of acetylene
and ethylene and their hydrogenation, at the very be-
ginning of the reaction, on Pd and/or Pt surfaces have
very similar rates. For this reason, to reduce the number
of parameters to be used in the simulation, we employed
in the hydrogenation—dehydrogenation steps of C,H,
and C,H, on Pd the same values of the activation en-
ergies found [12] for the hydrogenation—dehydrogena-
tion steps of C,;H4 on Pt. In the mimicked experiments,
in contrast to the steric hindrance parameters, that were
kept fixed, the partial pressure of the reagents and the

Table 1. Steric hindrance parameter (SHP) of the surface species
involved in the catalytic hydrogenation of acetylene—ethylene
mixtures on Pd catalysts. The values of the SHP show qualitative
agreement with ab initio quantum mechanical calculations [12, 19]
related to interaction energy of pairs of species

Surface species 10 SHP
H 10
C,H, 2.5°
C,H; 1.5°
C,H, 0.5°
C,H; 0.5¢
C,H, 0.5¢

#Surface hydrogen as the empty surface sites do not have any steric
hindrance [10, 12]
" Determined by the Monte Carlo approach [12], reproducing
experimental findings of surface population at equilibrium [20]
¢Obtained by averaging acetylene and ethylene SHP

From time-dependent Monte Carlo simulation [12]



Table 2. Sticking probabilities of molecules on free sites at 298 K
and the activation energies employed to determine the adsorption
frequency, per second per site, involved in catalytic acetylene—
ethylene hydrogenation on Pd catalysts

Process 1000298" AE,44/100 AEg.,/100
(kJ/mol) (kJ/mol)
H, dissociative 0.016 0.25° 0.42°
adsorption
C,H, adsorption 100.0 0.00° 1.21¢
C,H, adsorption 100.0 0.00°¢ 0.63°

#Evaluated as the ratio between the number of molecules colliding,
from the vapour phase, with the catalyst surface with energy in the
range within the values of the activation energy of adsorption,
AE, 45, and the activation energy of desorption, AEg4.s, and the total
number of the colliding molecules. The energy possessed by the
striking molecules is determined by randon number generator that
works by referring to Maxwell energy distributions

" Evaluated by quantum mechanical calculations [19]

“Taken from Ref. [21]

Table 3. Activation energies to be employed for calculating the
frequencies of occurrence, per second per site, of the steps involved
in the title reaction

Process AE/100 (kJ/mol)
H diffusion 0.04*
C,H, diffusion 0.24°
C,H; diffusion 0.18°
C,H, diffusion 0.13°
C,H; diffusion 0.06°
C,Hg diffusion 0.00°
CoH,(%)> + H(x) — CoH, 4 1(x)> + = 0.35¢
CoH, 1 1(x)2 + H(x) — CoH,12(4)y + * 0.49¢
CoH, 1 1(%)s + % — CoH,(%), + H(») 0.434
H, desorption 0.42%

C,H, desorption 1.21°¢
C,H, desorption 0.63¢
C,Hg desorption 0.00°

#Evaluated by quantum mechanical calculations [19]

®Estimated as 20% of the desorption activation energy [22]

¢ Activation energy of diffusion probabilities of C,H,,, | is obtained
by averaging the activation energies of diffusion of C,H,, and
CZHM1+2 (l’l’l = 2, 4)

9See Ref. [12] and text, n = 2, 4

¢Taken from Ref. [21]

temperature were changed to reproduce the experimen-
tal conditions [7] to be simulated. In the simulations
almost all the surface events were guided [24] by a pre-
liminary diffusion event.

Fixed the reactant pressures and temperature, the
event probabilities are automatically adjusted and used
by the tdMC algorithm. In fact, probabilities are deter-
mined by the activation energy of the events; however,
the ideal value of the activation energy of an event that
was found, for example, by quantum mechanical calcu-
lations, could be modified by the surrounding surface
species deposited around the sites on which the event is
occurring [12]. These effects are automatically arranged
by tdMC. The algorithm also displays and mimics the
way in which the activation energies of the surface
processes are influenced by the available surface energy

305

(ASE) distributions that originate on the catalyst surface
by the changes in the metallic properties [4, 12] of the
catalyst crystallites.

Here, the concept of catalyst metal dispersion [4, 5],
Dx, is used. Dx is the ratio between the number of the
exposed atoms (surface atoms) of the catalyst particles
and the number of all the atoms (surface and bulk
atoms) constituting the same particles. Dx is inversely
proportional to the average gyration radius [25] of the
particles and so to the size of the same particles.

Since higher metal dispersion corresponds to higher
metal exposure, it could seem that the catalyst activity
should increase when increasing Dx; however, on in-
creasing Dx the particle sizes decrease and reach values
for which metal properties are lost and dramatic and not
easily predictable changes [4, 5, 12] in the catalyst ac-
tivity are observed. Finally, the formation of surface
deposits could also have different effects with respect to
the changes in the particle sizes.

3 Results and discussion

There is no uniformity of insight [1, 4, 5, 26] into the
interpretation of the results concerning the influence of
the metal dispersion of the catalyst crystallites on their
catalytic activity and selectivity. The difficulties of
explanation arise from the existence of many factors
involved in the surface reactions. Some of these have
been summarised in the previous section. In fact, the
change in particle sizes of the supported metal crystal-
lites modifies both the ratio of the different surface sites
and the electronic properties of the particles [4]. The
effects of these modifications are convoluted together
and are also influenced by several effects. These are due
to the metal particle shape reorganisation [27] and to
the morphological and electronic changes occurring
on the metal surface which originate from the interaction
of the crystallites with the support and with the reagents
[12]. Of course, by experimental approaches, it is not
easy to evaluate the different contribution of the
previously mentioned factors and thus to solve the
apparent experimental inconsistencies of the dependence
of catalyst selectivity and activity caused by the metal
dispersion.

The simulative approaches allow one to separate the
different microscopic contributions. In particular, it is
possible to evaluate separately the effects of the surface
deposits [7, 8, 28] and of the ASE distribution on the
simulated reaction. Hence a deconvolution of the geo-
metric influences, i.e. of the changes in the ratio of the
different surface sites, from the electronic and decorative
effects on the catalyst activity can be performed. More-
over, due to the stability of the catalysts [7, 29] employed
in the mimicked experiments, the metal particle shape
reorganisation can be excluded.

On a given face, it is possible to distinguish [4] surface
s, edge e and corner ¢ sites, whose relative amounts
change with Dx (Scheme la). Edge and corner, shared
between two and three surfaces, respectively, are border
sites. We may assume [19] that the species occupying
border sites can interact with the species coming from
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Scheme 1

just one of the neighbouring surfaces. In this case, it is
possible to characterise the different class of sites as
shown in Scheme 1b, where a model of a {100} metal
face is represented.

Consequently, surface, edge and corner sites, if elec-
tronic and/or decorative effects are not present, differ
only for the number of their neighbouring sites (in a
{100} face, 4, 3 and 2, respectively), and so for their
accessibility. In a boundary-conditioned square matrix,
for instance, a {100} metal face (Scheme 2a), we may
modify the accessibility to the sites by inserting gaps (g)
into the surface (Scheme 2b). Gaps are not accessible to
any species and like the empty sites are not sterically
hindered.

This procedure allows us to introduce edge and cor-
ner equivalent sites. So, considering a surface matrix
with an appropriate number of gaps, it is possible to
mimic different values of Dx.

The molar ratios of the distinct surface sites have
been calculated [4] for cubic—octahedral particles having
different metal dispersion. The cubic—octahedral geom-
etry is particularly suitable to model metal particles be-
cause, like the real metal crystallites, it displays just
{100} and {111} faces. The values of the site molar ra-
tios and the corresponding Dx calculated for cubic—
octahedral particles and for a 100 x 100 surface matrix
modified by random introductions of given percentages
of surface gaps are shown in Table 4. Table 4 shows that
it is possible to introduce on the surface matrix per-
centages of surface gaps able to reproduce site molar
ratios typical of given metal dispersions: 10% of gaps on
the surface correspond, for example, to the site molar

S S S S [ € S S
S S S S € g C S
S S S S (& C g €
S S S S g € € (&
a b
Scheme 2

ratios of crystallites with Dx = 0.31. Hence, for the
surface matrix, it is possible to define a kind of Dx
equivalent to be used for mimicking the effects of a metal
dispersion on the catalyst activity and selectivity. The
sum of the site molar ratios of the modified surface
matrix is slightly lower than 1 for gap amounts larger
than 5%. This depends on the presence of sites sur-
rounded by four gaps which, given the very low number,
have not been taken into consideration.

The simulated reactions were performed experimen-
tally [7] on a Pd/pumice catalyst employing front- and
tail-end mixtures. The catalysts used were obtained by
sintering, at different temperatures under hydrogen flow,
a basis Yermakov [29] catalyst containing 0.05% of Pd.
These Pd/pumice catalysts contain crystallites having
spherical symmetry [29] and very likely cubic—octahedral
shape. Due to the method of synthesis of the catalysts,
their metal content was constant. Also the catalyst
density, after sintering was constant, whereas Dx ranged
between 0.05 and 0.65.

TOF wvalues for the acetylene conversion [7],
TOFc,u,, at 298 K, for both front- and tail-end mix-

Table 4. Surface molar ratio (yxg) at different metal dispersion
(Dx) of cubic—octahedral crystallites and equivalent surface molar
ratio of a 100 x 100 surface matrix (yygr) for different gap
percentages (% gaps) randomly introduced on a {100} surface. x
is a generic site of the geometrically (G) regular crystallites. y is an
equivalent generic site obtained by random (R) introductions of
gaps on the equivalent surface matrix. Surface, edge and corner
sites, are represented by s, e and c, respectively. Dx was determined
by small-angle X-ray scattering [7]

Dx 86 186 XSG Yo gaps  JSR  JeR  ACR
0.09 091 0.09  0.00 2.5 0.91 0.09  0.00
0.16  0.81 0.17  0.02 5.0 0.81 0.17  0.02
0.31 0.66  0.31 0.03 10.0 0.66 029 0.04
0.41 0.53 040 0.07 15.0 0.53 036 0.09
0.51 044 046 0.10 20.0 044 042 0.12
062 035 050 015 250 035 046 0.17
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Fig. 1. Turnover frequency of acetylene conversion (7OFc,p,)

versus catalyst metal dispersion (Dx) hydrogenation of front-end
(O) and tail-end ([J) mixtures at atmospheric pressure on Pd/
pumice catalysts having equal density and metal loading at 298 K



tures, are reported in Fig. 1. Although the shapes of the
curves are similar, there is a difference of about 2 orders
of magnitude between the TOFc,y, values obtained
employing tail- and front-end mixtures on the same
Pd/pumice catalysts.

Sg at a fixed temperature showed [7] a dependence on
the amount of acetylene converted and on the charac-
teristics of the mixtures. Conversely, Sg was not
dependent [7] on the metal dispersion of the catalyst
employed. The experimental activity and selectivity data
were collected at a corresponding acetylene conversion
lower than 20%. In this case the experimental Sk was
invariably about 40%, independent of the feedstock
mixture considered.

By employing the parameters of Tables 1-3, the cat-
alytic activity mimicked by metal surfaces having similar
molar ratios of the different surface sites but different
numbers of catalytic sites was proportional to the
number of the catalytic sites. This fact assures [12] that
tdMC, for the differently modified surface matrix,
always works in chemical regime [7, 30] conditions.

Experimental and simulated TOFc,n, versus Dx
curves for front- and tail-end mixture hydrogenation,
are shown in Figs. 2 and 3, respectively. The total
pressure (1 atm) and temperature (298 K) in the exper-
imental and the simulated hydrogenation were the same
in the front- and tail-end systems. Also the activation
energies of the steps used in the simulations of the two
systems were the same.

Figures 2 and 3 show that tdMC reproduces properly
the order of magnitude of TOFc,y, both in front- and in
tail-end mixture hydrogenation. The values of Sg were
roughly constant in the range of Dx considered for the
two reaction systems; however, the simulated Sg values
were rather different, in both front- and tail-end mix-
tures, from the experimental ones. Moreover, Figs. 2 and
3 show that the shapes of the curves obtained by ex-
perimental and simulated activity points are somewhat
different. Furthermore, the same figures reveal that

144
12
) °
R 10 o ®
.
4
E [ ]
e s .
64
J °° .
4—.
24 o 0
k
0 T T T v T T T
00 01 02 03 04 0s 06 0.7

Fig. 2. Hydrogenation of a front-end mixture (hydrogen, acetylene
and ethylene partial pressure, 0.637, 0.0050 and 0.358 atm
respectively) on Pd/pumice catalysts at 298 K: TOFc,u, versus.
Dx, experimental (O) and simulated (@) points
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Fig. 3. Hydrogenation of a tail-end mixture (hydrogen, acetylene
and ethylene partial pressure, 0.0056, 0.0029 and 0.9915 atm
respectively) on Pd/pumice catalysts at 298 K: TOFc,n, versus
Dx, experimental ([J) and simulated (B) points. The horizontal line
indicates the mean value of the simulated TOFc,y,

simulated and experimental activity points do not show
any simple correlation with the variation of the site
molar ratios observed when changing Dx (Table 4).

These observations constitute a direct proof that, at
least for the title reaction, just geometric considerations
are not able to explain the connection between catalytic
activity—selectivity patterns and catalyst particle sizes. It
is our opinion that this conclusion could be broadly
extended to all the surface reactions and that studies
attempting correlation between activity and metal dis-
persion, based only on geometric considerations, must
be considered very carefully.

It has been found that both ASE distribution [12] and
decoration effects [7, 8, 12] due to surface species can
dramatically modify the properties of a catalytic surface.
Given the range of the metal dispersion of the Pd/
pumice catalysts considered and the spherical shape of
the metallic crystallites, the metal particle sizes should
range between about 2 and about 8§ nm, so these parti-
cles have typical [4] metallic properties. Therefore, for
these catalysts we should not observe variations in the
ASE distribution related to modifications of the metal
properties [12] of the particles.

Conversely, it was found that in Pd/pumice catalysts,
strong interactions of the crystallites with the support
could induce changes in the electronic properties of the
metallic particles [31]. Moreover, the growing of surface
carbonaceous species [7-9, 12, 28, 32] could also modify
the metal surface activity by their steric interaction
[12, 32] with the surface species and by the transforma-
tions induced on the electronic band of the metal
particles.

The data presented allow one to hypothesise [12] that
the different surface sites have different ASE values. It is
interesting to mention that different values of electronic
charge were found on surface, edge and corner sites by
ab initio quantum mechanical calculation [19]. The ASE
distributions [12] and the steric hindrance energy due to
surface species interactions are very likely to change with
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the metal dispersion and could cause the observed dif-
ferences between experimental and simulated results. To
test this hypothesis, we performed fitting procedures by
tdMC simulations [12] on front- and tail-end mixtures at
the pressure and temperature of the simulated experi-
mental data [7] (for details see also captions of Figs. 2, 3).
In the simulations, surface, edge and corner sites could
be covered by a variable percentage of carbonaceous
deposits and could have a nonuniform ASE.

To obtain fit parameters the following function
was minimised by using the simplex AMOEBA from
Ref. [16]:

1 n
F=-

=

5[’1

8131'

: “4)

where n is the number of experimental points of
TOFc,y, reproduced by tdMC, whereas d, and ¢, are
the differences found between simulated and experimen-
tal results and the averaged experimental error of the ith
point, respectively. Values of F close to or smaller than 1
should constitute a validation of the fitting model.

In the fitting procedure we imposed the value of the
steric hindrance parameter of the carbonaceous deposits.
Assuming that the carbonaceous deposits were freshly
formed, hence not dehydrogenated, their steric hin-
drance parameter was fixed between those of acetylene
and ethylene (0.15). Then, the parameters introduced in
the fitting procedure were the activation energy values of
the three kinds of sites and the percentage of the surface
sites covered by the carbonaceous deposits. These pa-
rameters were considered as variable and nonvariable
with the two different reaction mixtures, respectively.

The percentages of the surface carbonaceous deposits
at different Dx were introduced before starting the
simulations. The correctness of this procedure is sup-
ported by the experimental findings that the activity—
selectivity patterns of these catalytic systems do not
change even if the reaction is stopped and then restarted
after a light cleaning of the surface [7], which is not able
to change the surface deposit population.

In the fit, to simplify the interpretation of the results,
the activation energy parameters of the events were
represented as the sum of two terms. The first of these,
for a given event, is an activation energy value involved
in the same event and is reported in Tables 2 and 3,
whereas the second is a variable energetic term. The
latter, reported in Table 5 as AE (energetic fit parame-
ters), is fixed for a given kind of surface site, irrespective
of the metal dispersion, but it is different for different

Table 5. Energy fit parameters on the different surface sites. AEg
and AEt are the difference, considering front- and tail-end
mixtures, respectively, between the values of the activation energies
used in the best-fit simulations and those of Tables 2 and 3

surface sites. These energetic terms are related to the
ASE of the different sites. The difference between the
refined and the original (reported in Tables 2, 3)
activation energy parameters gives AE values.

Considering in Eq. 4, ¢, at the different experimental
Dx to be invariably equal to 7.5%, resulted in F values
of 0.65 and 0.90 for tail- and front-end mixtures
respectively. This result shows that on average the dif-
ference between simulated and experimental results is
smaller than the error in the same experimental results.

For a given reaction mixture the percentage of the
surface sites covered by carbonaceous deposits was
almost constant with respect of the metal dispersion;
however, its value was quite different for the two reac-
tion mixtures, about 25-30% and 10-15% for the front-
and tail-end mixtures, respectively. Significantly, simu-
lated Sg in the range of Dx considered, in accordance
with the experimental findings, showed values between
35 and 50% both in front- and in tail-end mixtures.

The energetic fit parameters, AEg and AET, of the
different kinds of sites are reported in Table 5. The
values of AEr and AET must be considered as average
values of the various reaction events. Speculation on the
origin of AFE leads us to hypothesise that a mechanism of
accumulation—release of energy is present on every sur-
face site. A heuristic microscopic explanation of these
accumulation—release phenomena is actually performed
by the “sandpile model” [33] of Bak. The energy in-
volved could be due to the reaction environment [12],
whereas the energy relaxation time could be due to the
electronic characteristic of the surface sites.

The difference between AE found for the same kind of
sites for the two reaction mixtures would suggest that,
besides the metallic characteristics, the electronic prop-
erties of the surface sites could also be influenced by
the interaction between the metal surface and absorbed
species.

As shown in Table 6, the simulated catalytic activity
to acetylene hydrogenation due to the fit adjustments
both in tail- and in front-end mixtures was modulated by
the change in the hydrogen surface molar ratio. How-
ever, hydrogen is also needed to obtain, from acetylene—
ethylene mixtures, polymer species among the products
and on the catalyst surface, i.e. formation of surface

Table 6. Ratio of the values determined before and after the fit
refinements of the activity, expressed as the turnover frequency of
acetylene conversion (7OF ¢,p,), and of the corresponding hydro-
gen surface population at different metal dispersions. pTOFc,y, is
the ratio between the TOFc,y, values obtained by simulations
performed with the parameters of Tables 2 and 3 modified by
the fitting procedure and those achieved by simulations which
employed the unrefined parameters of the same tables. pfy is the
ratio between the X species surface populations, generated by
simulations taking and not taking into account the fit refinements

Dx Front-end mixture Tail-end mixture
Site AFEy/ AFEg/
(kJ/mol) (kJ/mol) pTOFcn, pOu  pOcn, pTOFcn, pOu  plc,n,
s —-0.05 -0.03 009 1.0 1.0 1.1 44 1.8 3.5
0.16 0.71 031 04 0.5 1.2 0.4 0.5 14
c -0.35 -1.89 062 04 0.4 1.2 0.3 0.3 1.2




carbonaceous deposits. Accumulation of polymers oc-
curs in parallel with hydrogenation. Since the experi-
mental data were collected in about the same reaction
time [7], opposite to what has already been observed
[34], the results of the simulations show that the parallel
reactions are more competitive with the hydrogenation
for a higher hydrogen amount present among the
reagents. This apparent inconsistency can be exploited
considering that all the reagent ratios change in the
two feedstock mixtures considered when changing the
hydrogen amount.

However, the rate of the parallel surface polymeri-
sation is much lower than that of hydrogenation, (see
before, stop and restart experiment). For this reason the
title reaction can be studied in the pseudo-steady state
also if it occurs in transient surface conditions. The
surface molar ratios determined by simulated reaction of
front- and tail-end mixtures on ideally zero dispersed Pd
catalyst are reported in Table 7. The partial pressure of
the reagents and temperature are the same as previously
employed. The molar ratios are obtained with or with-
out consideration of the refinements due to the fitting
procedures. They clearly illustrate that due to the for-
mation of surface polymers, a decrease in the amount of
ethylene and an increase in the amount of acetylene
occur on the surface.

We think that polymers on the surface are produced
from acetylene and ethylene, their steric hindrance
and that of the formed surface polymers driving the
adsorption of further hydrocarbons, giving rise to
the surface population described in Table 7.

Interestingly, the ethylene surface molar ratio is the
largest one. Although this occurred, Sg was always close
to 40%. This fact indicates that acetylene is in some way
more reactive than ethylene.

In fact, the carbonaceous deposits increase [12] the
surface amount of acetylene and, hence, the activity of
the catalyst to the acetylene hydrogenation; however,
since the ethylene—acetylene surface ratios are larger
than 1, the previously mentioned condition is not able to
justify the experimental Sg. Moreover, due to the acti-

Table 7. Typical surface populations found on the metal surface
when front- and tail-end mixtures react in the presence of Pd at
atmospheric pressure and 298 K

Surface species Front-end mixture Tail-end mixture

0°° 0*® 0° 0*
Nothing® 0.0853 0.1064 0.3232 0.2780
H 0.3336 0.3304 0.0152 0.0281
C,H, + C,H;¢ 0.0509 0.0560 0.0176 0.0656
C,H, + C,H{ 0.5288 0.2320 0.6440 0.4783
C.H,* 0.0000 0.2750 0.0000 0.1500

#Surface molar ratios on ideally zero dispersed metal, simulated

without considering the parameters refined by fitting procedures
Surface molar ratios on ideally zero dispersed metal, simulated

considering the parameters achieved by fitting procedures

“i.e. empty sites

4C,H; and C,H; surface molar ratios had almost no effect on the

total amount

¢ Carbonaceous deposits
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vation energies involved in the hydrogenation—dehy-
drogenation processes (in the previous section assumed
to be similar for ethylene and acetylene), Sg cannot
depend on those energetic factors.

It is very likely that Sg is driven by surface decoration
phenomena. In fact, on analysing the surface matrix at
the steady state it is observed that acetylene species and
polymeric deposits wrap up ethylene and eventually
ethyl. For this reason, ethylene and ethyl appear to be
isolated on the catalyst surface and are very likely to
have less probability than the other hydrocarbons resi-
dent on the catalyst surface of getting in contact with
surface hydrogen. The reality of this picture cannot be
definitely established by tdMC; however, the correct
order of magnitude of Sg which is always found seems to
suggest its correctness. If our interpretation were sound,
the superiority of the Langmuir-Hinshelwood model
with respect to the Eley—Rideal model for the title
reaction would be established.

Fit-refined surface hydrocarbon ratios very similar to
those of Table 7 were found in simulations of catalytic
systems, either front- or tail-end mixtures, reacting on
Pd catalysts having different Dx. We believe that this
occurrence gives the invariability of Sg with respect
of Dx and it is mainly due to the constant amount of
carbonaceous deposits characterising, irrespective of the
metal crystallite sizes, the catalyst surface.

However, it is found experimentally that for acetylene
conversion exceeding 50% of the starting amount, Sg
is always larger for the front-end than for the tail-end
mixture [7]; therefore Sk, besides the surface carbona-
ceous deposits, must be correlated to the progress of
the reaction because, with the acetylene conversion, the
relative probability of hydrocarbon surface interaction
varies together with the ratio of acetylene—ethylene in
the vapour phase.

To summarise, by means of the electronic and steric
effects occurring on the different surface sites of the
metal crystallites, the growth of polymer deposits could
control the hydrocarbon surface population (acetylene,
ethylene, ethyl and vinyl species). In this way, although
the amount of hydrogen in the vapour phase, and so on
the surface catalyst, influences the speed of the hydro-
genation processes, polymer deposits on the surface
mainly govern the selectivity of the catalyst.

Finally, it is interesting to underline some aspects re-
lated to the connection between experimental and simu-
lated points. The main discriminating criteria employed
to collect the experimental TOF and Sg points [7], sim-
ulated in this work, were to be obtained in chemical re-
gime conditions, conversion data in combination with a
comparable amount of hydrogenated acetylene, follow-
ing a constant preconditioning [7] and accumulating
time. These facts and the results of the present work
suggest that the kinetics of surface deposit growth is in-
sensitive to Dx and more interestingly, that if we had
modified the collecting criteria we would have certainly
discussed different activity and selectivity curves.

Therefore, without considering the elementary details
discussed here, and which are still certainly involved to
various degrees in all the surface processes, we could get
at least a misleading conclusion depending on the ex-
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perimental procedures adopted. While this subject, we
ought to mention that either higher or lower catalytic
activities and activity—selectivity patterns of the title re-
action can be easily and completely framed in the surface
reactivity model presented just by changing the numer-
ical values of the simulating parameters and, hence, the
experimental environments mimicked. In this way, we
should also be able to justify the fragmentary [5—10]
behaviour shown in analogous reaction contexts.

4 Conclusion

This study shows that the elementary physical phenom-
ena convoluted in the activity—selectivity patterns of
a catalytic system are many and complex. In particular,
it is pointed out that the activity and selectivity of
Pd catalysts having different metal dispersions employed
to transform acetylene—ethylene front- and tail-end
mixtures are strongly influenced by

The geometrical characteristics of the surface sites.

The electronic properties of the surface sites.

The surface population.

The formation of surface carbonaceous deposits

usually not considered as part of the catalytic process.

e The geometrical characteristics of the agglomerate
designed on the catalyst surface by the different
species involved.

e The electronic properties of the surface species.

e The mutual complex interaction, changing with the

reaction progress time, of each of the above points

with all the others.

Computing and simulation approaches seem to have
a sound chance of success in the analysis of these
complicated systems. In detail, tdMC supported by
quantum mechanical calculations, employing a unique
model irrespective of the reaction mixtures driven by
simple elementary events and by the concepts of the
steric hindrance parameter and the ASE already intro-
duced was able to account for the microscopic specu-
lation and the macroscopic evidence concerned with the
title reaction.

However, tdMC must be considered just as a con-
volution system, which is able to mix the elementary
properties we are taking inside. In performing this, from
local information, such as the activation energy involved
in the ethylene hydrogenation on a surface site ensemble,
we get mass information, i.e. the convolution of much
local information, and incidentally other local informa-
tion otherwise not attainable, such as the ASE value on a
given site.

Ultimately, different experimental procedures could
dramatically modify the activity—selectivity patterns of
a catalytic system. Microscopic computing approaches,
such as tdMC, can interpret the changes occurring
by modifications of the experiment and can get more
information on them. In contrast, other more classic
interpretative macroscopic models, not taking into
consideration microscopic details, could be seriously
challenged by the same modifications of the experi-
ment.
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