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The kinetics for the selective hydrogenation of acetylene-ethylene mixtures over model Pd(1 1 1) and
bimetallic Pd-Ag alloy surfaces were examined using first principles-based kinetic Monte Carlo (KMC)
simulations to elucidate the effects of alloying and reaction conditions. The elementary steps that control
the selective and unselective pathways, including hydrogenation, dehydrogenation, and C-C bond break-
ing, were analyzed using first-principle density functional theory (DFT) calculations. The results were
used to construct an intrinsic kinetic database that was used in a variable time step kinetic Monte Carlo
simulation to follow the kinetics and the molecular transformations in the selective hydrogenation of
acetylene-ethylene feeds over Pd and Pd-Ag surfaces. Through-surface and through-space lateral inter-
actions between coadsorbates were estimated using DFT-parameterized bond order conservation and van
der Waal interaction models, respectively. The simulations show that the rate of acetylene hydrogenation
as well as ethylene selectivity increases with temperature over both the Pd(111) and the Pd-Ag/
Pd(1 1 1) alloy surfaces. The selective hydrogenation of acetylene to ethylene proceeds via the formation
of a surface vinyl intermediate. The unselective formation of ethane is the result of the over-hydrogena-
tion of ethylene as well as over-hydrogenation of vinyl to form ethylidene. Ethylidene further hydroge-
nates to form ethane and dehydrogenates to form ethylidyne. While ethylidyne is not reactive, it can
block adsorption sites and thus limit the availability of hydrogen on the surface which enhances the
selectivity. Alloying Ag into the Pd surface decreases the overall rate but increases the ethylene selectivity
significantly by promoting the selective hydrogenation of vinyl to ethylene and concomitantly suppress-
ing the unselective path involving the hydrogenation of vinyl to ethylidene and the dehydrogenation of
ethylidene to ethylidyne. This is consistent with experimental results which suggest that only the pre-
dominant hydrogenation path which involves the sequential addition of hydrogen to form vinyl and eth-
ylene exists over the Pd-Ag alloys. Ag enhances the desorption of ethylene and hydrogen from the surface
thus limiting their ability to undergo subsequent reactions. The simulated apparent activation barriers
were calculated to be 32-44 kJ/mol on Pd(11 1) and 26-31 kJ/mol on Pd-Ag/Pd(1 1 1), respectively.
The reaction was found to be essentially first order in hydrogen and —0.4 and —0.21 order in acetylene
over Pd(1 1 1) and Pd-Ag/Pd(1 1 1) surfaces, respectively. The results reveal that increases in the hydro-
gen partial pressure increase the activity but decrease ethylene selectivity over both Pd and
Pd-Ag/Pd(1 1 1) surfaces.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

front-end process, the ethylene hydrogenation unit is placed before
the de-methanizer unit. The feedstocks typically contain higher

Polymer-grade ethylene is currently produced via the selective
hydrogenation of acetylene present at 0.5-2% by volume from
crude ethylene streams that exit the naphtha steam cracker down
to levels below 5 ppm. This is typically carried out in a fixed-bed
reactor over supported Pd and Pd-Ag catalysts. Current ethylene
plants operate in either front- or tail-end configurations. In the
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hydrogen and lighter hydrocarbon compositions and result in very
high rates of hydrogenation. The temperatures must be closely
maintained within a very narrow operating window of 323-
363 K in order to minimize the over-hydrogenation that can lead
to significant loss of selectivity and potential reaction runaway.
In the tail-end process, the hydrogenation unit is located further
downstream just after the de-ethanizer and operates at signifi-
cantly lower partial pressures of hydrogen. The lower hydrogen
levels tend to result in carbon deposits, green oil formation, and
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faster rates of catalyst deactivation. Thus the predominant issue
that plagues both the front-end and tail-end processes is the
hydrogenation selectivity to ethylene [1-4].

The selectivity to ethylene is thought to be controlled by either
thermodynamic considerations where by the more strongly bound
acetylene displaces ethylene from the surface or by kinetic consid-
erations where ethylene desorbs before it can hydrogenate. A de-
tailed understanding of the fundamental kinetics will help to
elucidate which of these factors dominate and under what condi-
tions. The intrinsic kinetics for this system, however, have been dif-
ficult to discern since the catalytic activity and selectivity are
influenced by the range of variables including the gas phase com-
position [5-10], catalyst particle size and dispersion [2,6,11-14],
presence of carbonaceous surface intermediates [15-20], hydride
and carbide formation [1,21-23], catalyst support [7,24], and the
addition of promoters such as CO [2,25-28]. These features influ-
ence the surface coverage of acetylene and other hydrocarbon
intermediates as well as the availability of hydrogen which can sig-
nificantly influence both the activity and selectivity. The experi-
mentally reported apparent activation energies for the
hydrogenation of acetylene over Pd have been reported to be be-
tween 40 and 70 kJ/mol [5,11,13]. The acetylene and hydrogen
reaction orders were reported to be within the range between 0
to -0.5 and 0.5 to 1.5, respectively [3,4].

Although Pd is active, its selectivity to ethylene at high acety-
lene conversions is rather low. The selectivity can be significantly
improved by alloying Pd with Ag [29-38]. Jin et al. demonstrated
significant improvement in the catalytic selectivity over Pd-Ag al-
loys but required that the catalysts be activated by a high temper-
ature reduction in hydrogen [32]. They suggested that this
reduction results in uniformly dispersed Ag within the surface
layer that breaks apart larger Pd ensembles. They demonstrated
this by monitoring the CO stretching frequencies which showed
the migration of CO from the bridge to the atop sites upon high
temperature reduction of the Pd-Ag alloy in hydrogen. More de-
tailed STM studies by Khan et al. over model Pd-Ag particles con-
firmed that Pd and Ag are uniformly dispersed in the active surface
[37]. The promotional effects of Ag have been attributed to classical
electronic and ensemble effects that occur upon alloying an active
metal with a group IB metal. The addition of Ag into Pd increases
the electron density of the Pd d-band as a result of charge transfer
from Ag to Pd [35]. We have shown previously that these electronic
effects weaken the adsorption of both ethylene and acetylene on
the alloy surface [39]. The electronic and ensemble effects decrease
the acetylene binding energy by 10-20 kJ/mol, and 30-40 kj/mol,
respectively. This should favor both thermodynamic and kinetic
considerations as the weaker metal-adsorbate bond strength pro-
motes both desorption and hydrogenation. Recent theoretical cal-
culations are consistent with this picture [31,35]. Despite the
progress in understanding these elementary steps, little can be
concluded concerning the influence of Ag on the actual selectivity
without a more rigorous following of the rates of the elementary
steps since Ag will influence both desorption and hydrogenation
of acetylene and ethylene which ultimately controls the selectivity.

The intrinsic effects of alloying Pd with Ag have been difficult to
interpret as they are typically followed by monitoring changes in
macroscopic kinetics and overall reaction selectivity. The selectiv-
ity, for example, shows marked improvements when Ag is added to
Pd but the actual composition of Ag was found to have a rather
weak influence on the selectivity. Bond et al., for example, showed
that ethylene selectivity decreased by less than 1% as the Ag bulk
composition increased from 10% to 30% [40]. The changes in the
elementary step kinetics, however, are thought to be more sensi-
tive to the composition of Ag in the alloy as there are differences
in the activity and other kinetic variables such as the reaction or-
ders. Hydrogen reaction orders, for example, were found to in-

crease from 1.68 for 10% and 20% Pd-Ag alloys to 1.80 for 30%
Pd-Ag alloys. The effect of temperature on the addition of Ag and
the increasing composition of Ag in the alloy were found to have
a significant influence on the selectivity. The increase in tempera-
ture was found to decrease the selectivity more rapidly than the in-
crease in hydrogen partial pressure. Recent temperature-
programed desorption (TPD) experiments showed a decrease in
the overall catalytic activity and an increase in the selectivity on
model Pd-Ag particles supported on an alumina. Ag was thought
to control the amount of subsurface hydrogen and thus prevent
the over-hydrogenation pathways to ethane [37].

Despite the rigorous efforts which have provided a wealth of
information on some of the elementary processes [41-44], our
understanding of the mechanism and the intrinsic kinetics that
govern the selective hydrogenation of acetylene-ethylene mix-
tures over the Pd-Ag alloys is still rather incomplete [1,2]. While
various reaction mechanisms and kinetic models have been pro-
posed to fit the experimental results for pure Pd, these models
are typically regressed from experiment and as such are only appli-
cable to within the range of operating conditions that the experi-
ments were carried out. In addition, they also tend to be
dependent upon the specific catalyst and catalyst preparation that
is used [1-4]. In order to develop models with potentially predic-
tive capabilities, a more detailed understanding of the molecular
transformations that occur at the catalyst surface, and the influ-
ence of the atomic surface structure of the catalyst will be required
to elucidate the catalytic features that ultimately control the cata-
lytic activity and selectivity for the selective hydrogenation of
acetylene.

Kinetic Monte Carlo (KMC) simulations have been successfully
used to overcome a number of the limitations of conventional
deterministic models as they can explicitly include the atomic sur-
face structure and thus track molecular transformations as a func-
tion of time and reaction conditions. We have previously
developed and applied first-principles-based kinetic Monte Carlo
simulations to examine the hydrogenation of pure ethylene and
pure acetylene over the pure Pd(1 1 1) surface [45-48]. In the pres-
ent work, we adopt this first-principles-based KMC approach to
simulate the kinetics for the selective hydrogenation of tail-end
acetylene/ethylene mixtures over the Pd(1 1 1) and the bimetallic
Pd-Ag/Pd(11 1) surfaces in order to elucidate the influence of
alloying on the elementary kinetics and the macroscopic kinetic
behavior.

2. Simulation details
2.1. Reaction mechanism

The selective hydrogenation of acetylene to ethylene is thought
to proceed via a Horiuti-Polanyi mechanism involving the succes-
sive addition of hydrogen to convert acetylene to vinyl and vinyl to
ethylene [49]. The reaction proceeds via the dissociative adsorp-
tion of hydrogen and the chemisorption of acetylene at higher fold
coordination sites. This is thought to be the primary path to ethyl-
ene and the major unselective path to ethane. A secondary path to
ethane exists via the hydrogenation of the vinyl intermediate to
ethylidene which can subsequently hydrogenate to form ethane.

A number of other secondary C, surface intermediates such as
ethylidyne and vinylidene are known to form on Pd(111)
[41,50-57] and are also likely present under reaction conditions.
These secondary surface intermediates act either as spectator spe-
cies to block the active sites or as precursors to oligomerization
which results in the formation of green oils and benzene under high
pressures [16,18,58]. At higher temperatures, the adsorbed acety-
lene and ethylene can decompose into CH and CH, intermediates
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(Cy) as a result of the activation of the C-C bond [51]. The adsorp-
tion and reaction for all these intermediates were also considered
in this work.

In previously reported work, we examined the hydrogenation of
pure acetylenic feeds over Pd(1 1 1) and only considered the pri-
mary hydrogenation paths. The dehydrogenation and decomposi-
tion paths were assumed to have little effect on the overall
activity and selectivity over pure Pd at the lower temperatures of
interest and were therefore not considered. These paths, however,
are important in the formation of ethane and may also play a role
in controlling the surface coverages which influence hydrogen
availability. Herein, we extend our previous simulations of pure
acetylene feeds over Pd(11 1) to the simulations of the tail-end
acetylene/ethylene mixtures. We explicitly include all the second-
ary surface intermediates (C; and C;) species, the corresponding
unselective dehydrogenation reaction steps for acetylene to acety-
lidene, vinyl to vinylidene, ethylidyne to vinylidene, ethyl to ethyl-
idyne, as well as four C-C bond-breaking paths. The proposed
mechanism examined is given in Fig. 1. While we provide for a de-
tailed accounting of the surface chemistry, we have not explicitly
included in the present simulations oligomerization reactions that
can lead to green oil or the influence of subsurface hydrogen [1,2]
and carbon [1,21-23] which are known to be present. Such simu-
lations will require a considerable number of theoretical calcula-
tions which is beyond the focus of the work presented herein.

2.2. Intrinsic kinetics calculations

The intrinsic kinetics which govern the elementary steps in-
volved in the selective and unselective pathways for acetylene
and ethylene hydrogenation over Pd(1 1 1) and Pd-Ag/Pd(11 1) al-
loy surfaces were calculated previously using gradient-corrected
plane wave density functional theory (DFT) calculations imple-
mented in the Vienna ab initio Simulation Program (VASP)
[59,60]. The results are compiled here to construct an extensive
intrinsic kinetic database covering the proposed reaction paths in-
volved for the selective hydrogenation of acetylene-ethylene mix-
tures. A more in-depth discussion was given in previous
publications [39,57]. The errors that arise from DFT calculations
are typically less than 20 kj/mol [61-63]. Many of the deviations
and errors cancel out in taking energy differences which tend to
improve calculated activation barriers. There are still likely some

deviations though in the accuracy in the calculated rate constants
for individual steps. As such we focus herein instead on the
changes that result from the kinetics rather than quantitative pred-
ications. The barriers for all the primary pathways were calculated
directly using DFT. The barriers for a few of the secondary C-C acti-
vation steps were determined using DFT-parameterized bond or-
der conservation (BOC) method [45,46,48,64-67]. The intrinsic
kinetic database includes (1) the binding energies and atomization
energies (Table 1), as well as the geometric structures of all surface
intermediates; (2) reaction energies and activation barriers (Ta-
ble 2) for the elementary steps considered in the reaction mecha-
nism presented in Fig. 1. The values estimated from DFT-
parameterized BOC method are also given in Table 2. The intrinsic
elementary step kinetics are thus determined directly within the
simulations from this intrinsic database.

The model Pd and PdAg (1 1 1) surfaces used herein are rather
simplified in that they do not examine the effects of structure, sup-
port or the presence or formation of subsurface hydrides and car-
bons. While subsurface carbon [6-9] and hydrogen [1,2]
influence the selectivity of supported Pd, their effects on PdAg al-
loys have yet to be established. Recent results by Khan et al. [37],
for example, show that the addition of Ag into Pd shuts down
the formation of subsurface hydrogen and prevents the formation
of the hydride phase. Similar alloying effects may also prevent sub-
surface carbide formation. Regardless, we do not analyze these ef-
fects and instead focus solely on the influence of alloying on the
surface hydrogenation kinetics. Despite its simplicity the model
provides for the essential heterogeneity to understand the initial
influence of alloying.

In this work we examine the pure Pd(1 1 1) surface as well as
the two specific PdsgyAgsox alloys on the Pd(1 1 1) substrate pre-
sented in Fig. 2 which were chosen to mimic those proposed by
Jin et al. [10] At high reduction temperature, the Pd and Ag are
thought to be uniformly distributed such as that shown in
Fig. 2b. The second Pdsg3Agsoy structure shown in Fig. 2c examined
the formation of small Pd and Ag ensembles (Pds; and Ags) which
can form at lower reduction temperature. The well-dispersed alloy
shown in Fig. 2b is thermodynamically more stable than ensemble
structure shown in Fig. 2c. This is consistent with the recent STM
results [37].

The DFT-calculated binding energies for all the adsorbates on
the Pd(1 1 1) as well as on the Pd-Ag alloy surfaces considered in

C,Ho(9) C,H4(9) C,H¢(9)
CH* + CH* I |
+ H* + H* + H* + H*
CH T CHCH; T CH/ C,Hs* CH¢"
—H* —H* —H* —H*
+ H*
—H*| |+ H* —H*| |+ H* —F —H*| |+ H*
+ H* + H* + H*
CCH* " CCH " CCHy® " CHCHy Ha(9)
_H* _H* _H* \ ‘
+ H* + H*
C*+CH* > C*+CH,” —_—_—— C*+CH," CH* + CH ;* H* + H*
—H* —H*

Fig. 1. Selective and unselective reaction pathways for the hydrogenation of acetylene.
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Table 1

DFT-calculated atomization energies and binding energies for all the surface intermediates considered in the selective hydrogenation of acetylene-ethylene mixtures over the

Pd(11 1) and the bimetallic Pd-Ag/Pd(1 1 1) surfaces.

Species Atomization® energy (k]J/mol) Binding energy (kJ/mol)

Pd(111) Pd-Ag/Pd(111)

Atop Bridge Hollow Atop Bridge Hollow
H 0 -187 —232 —260 - —258 -
H, 436 - - - - - -
C 0 - - —638 - - —546
CH 324 - - —631 - - —555
CH, 824 - -365 - - -344 -
CH; 1306 -172 - - -162 - -
CCH 1167 - - —405 - -329 -
CCH, 1374 - - -537 - - —439
CCH3 1590 - - —638 - - —557
CoH, 1746 - -136 -172 - -126 -
CHCH, 1907 - - -274 -214 - -
CHCH3; 2102 - -330 - - -315 -
CoHy 2398 -27 -82 -70
C,Hs 2566 —154 - —135 - -
C,Hg 3005 -5 - -5 -5 -

@ ZPE corrections to the atomization energies were calculated using DFT. It is well recognized that DFT tends to overestimate these values. The DFT-BOC estimation method
used, however, calculates only the overall energy difference between reactants and products. As such, the overestimation tends to cancel out. We ran a sequence of test
simulations with ZPE values taken directly from the NIST database and found errors of less than 2% in the simulated activation energies and surface coverages.

Table 2
DFT-calculated and DFT-BOC estimated reaction energies AH and activation barriers AE* of the elementary reactions over the Pd(1 1 1) and the bimetallic Pd-Ag/Pd(1 1 1)
surfaces.
No. Elementary reaction Pd(111) Pd-Ag/Pd(111)
AE* (K]/mol) AH (kJ/mol)? AE* (KkJ/mol) AH (KkJ/mol)?
1 Hy(g) + 2* & H* + H* b 824 B 774
2 CoHa(g) + * — CH; b 172¢ & 126¢
3 CoHy(g) + * — GH; B 82¢ B 70°
4 CoHb + H" — CHCH} + * 66° 26¢ 66° +7¢
5 CHCH} + H* « C,C} + = 74¢ 58¢ 10° 92¢
6 CoHj + H* & GG + = 72¢ +20° 61¢ +20°
7 CoHE +H" — CyHg(g) + 2" 71¢ 30° 78¢ 33¢
8 CoH} + % < CCH" + H' 181°¢ 73¢ 212¢ +121¢
9 CHCH}, + % — CCHj + H* 127¢ +20¢ 147¢ +52¢
10 CHCH; + H* « CHCH3 + * 85¢ +60° 73¢ 5F
11 CHCH} + % < CH} + CH* 220¢ +111¢ 181¢ +139¢
12 CCHj +H" « CCHj + * 394 56¢ 441 76¢
13 CCH3 + H* — CHCH} + * 1204 +53¢ 1024 +43¢
14 CCH* +H* « CCH3 + * 934 72° 424 60°
15 CCH* + * & C* + CH* 148¢ 7 1734 +85¢
16 CCH3 + * «» C* + CH3 1584 +84¢ 155¢ +99¢
17 CCH3 + < C" + CH} 1249 +112¢ 133¢ o¢
18 CHCH}, + % < CH" + CH3 674 24 98¢ +55¢
19 CH*+* & C*+H* 1219 +50° 1254 +68°¢
20 CH" +H' < CH} + * 1054 +17¢ 724 39°
21 CH; + H* & CH3 + * 62¢ 28° 534 41°
22 CoCk + % — CHCHj + H* 874 +4¢ 844 +26¢

Note: *The reverse barriers for the elementary reaction steps are calculated by AE* — AH.
b The barriers for adsorption of acetylene and ethylene, as well as for dissociative adsorption of hydrogen over the Pd(1 1 1) and the bimetallic Pd-Ag/Pd(1 1 1) surfaces are

assumed to be negligible.
¢ DFT calculations [39,56,57].
4 DFT-BOC estimation.

the simulations are given in Table 1. The results in Table 1 show
that the addition of Ag into the Pd surface weakens the metal-
adsorbate bond strength for all the hydrocarbon intermediates as
a result of electronic (ligand) as well as geometric (ensemble) ef-
fects. Ensemble effects lead to a greater weakening of the metal-
adsorbate bond as a result of change in adsorbate site preference.
The adsorption of acetylene, for example, shifts from the 3-fold
fcc site on the Pd(11 1) surface to the Pd-Pd bridge site on the
Pdso%Ags0%/Pd(1 1 1) alloy surface at 0.25 ML coverage, resulting
in a decrease in the chemisorption energy from —172 kJ/mol on
the Pd(1 1 1) surface to —126 kJ/mol on the PdsgyAgse%/Pd(11 1)

surface. Similarly, the most favorable binding site for the vinyl
intermediate changes from the mn;-m, binding configuration at
the 3-fold fcc site on Pd(1 1 1) to the atop site Pd site on the Pd-
Ag/Pd(1 1 1) alloy surface. The binding energy of the vinyl species
is weakened from —274 kJ/mol on the Pd(1 1 1) surface to —214 K]/
mol on the Pd-Ag/Pd(1 1 1) surface.

The elementary reaction energies were calculated as the total
electronic energy difference between the product state and the
reactant state (AEqxn = AEproducts — AEreactants). A negative value
for the reaction energy refers to an exothermic reaction. The
DFT-calculated reaction energies and activation barriers for the
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Fig. 2. The catalytic surfaces used in the kinetic Monte Carlo simulations. (a)
Pd(1 1 1); (b) uniformly dispersed PdsoxAgsox/Pd(1 1 1); and (c) triangular ensemble
Pds0%Ags0%/Pd(1 1 1). The orange spheres and the white spheres represent Pd and
Ag atoms, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

elementary reaction steps considered herein for the selective
hydrogenation of acetylene over both the Pd(11 1) and the Pd-
Ag/Pd(11 1) alloy surface are reported in Table 2. The reaction
energies for most of the hydrogenation steps were found to be exo-
thermic, whereas those for dehydrogenation were found to be
endothermic. This suggests that the bond-making (hydrogenation)
reactions were more favorable than the bond-breaking (dehydro-
genation) steps. This trend was more pronounced for the reactions
carried out over the Pd-Ag alloy surfaces. The reaction energy for
ethylene hydrogenation to ethyl, for example, was found to be
endothermic by +20 kJ/mol on Pd(11 1). This reaction over the
PdsoxAgs0%/Pd(1 1 1) alloy surface, however, was exothermic by
20 kJ/mol. The intrinsic activation barriers were calculated using
the nudged elastic band approach [68] implemented in VASP
[59,60] for the elementary reaction steps over both the Pd(11 1)
and PdsoyAgsox/Pd(1 1 1) alloy surfaces [39,57]. The intrinsic acti-
vation barriers for the four steps in the hydrogenation of acetylene
to ethane on the Pd(1 1 1) surface

CH=CH' + 4H" 1 CH,=CH" + 3H" % CH,=CH; + 2H" > CH;—CH;
+H" 2 CH;—CH;

were calculated to be 66, 74, 72, and 71 kJ/mol, respectively. The
intrinsic barrier for vinyl hydrogenation to ethylidene over the
Pd(1 1 1) surface was calculated to be 85 kJ/mol. It was found that
alloying Pd with Ag weakly decreased all these barriers with the
exception of the hydrogenation of vinyl to ethylene where the bar-
rier decreased by 64 kJ/mol as a result of the change in the adsorp-
tion site for vinyl upon alloying Pd with Ag. The details of the
calculations and the geometrical information were described in pre-
vious publications [39,56,57]. The results are also in agreement
with other recent theoretical results [31,35].

Surface coverages and the local environment around the active
reaction sites were found to have a significant impact on the intrin-
sic hydrogenation kinetics. DFT results predict that the activation
barrier for acetylene hydrogenation to vinyl decreases from
66 kJ/mol at 0.25 ML coverage to 50 kJ/mol at 0.33 ML surface cov-
erage. The overall reaction energy drops from -—26 kJ/mol to
—43 kJ/mol as the coverage is increased [57]. Surface coverage on
the intrinsic kinetics was accounted for within the KMC simulation
via through-space and through-surface lateral interaction models.
The through-space interactions between specific pairs of neighbor-
ing adsorbates which are a direct function of their intra- and inter-
molecular distances as well as their intermolecular orientations
were calculated using the van der Waals model (vdW) used in
the Merck Molecular Force Field (MMFF94) [69]. The through-sur-
face interactions, arising from metal-atom sharing or adsorbate-
bond sharing, were determined from a bond order conservation
(BOC) model that was fit to matching DFT calculations on the
adsorption and reaction energies carried out at different coverages
[45,46,48,64-67]. The DFT-calculated activation barriers and reac-
tion energies presented in Table 2 were used directly in the simu-
lations but augmented by the BOC and the vdW models to account
for the coverage effects.

2.3. Kinetic Monte Carlo approach

The intrinsic kinetics derived from DFT calculations together
with the DFT-scaled lateral interaction models accounted for the
through-space and through-surface interaction were used as the in-
put to kinetic Monte Carlo simulation to allow us to track the spa-
tial-temporal molecular transformations over the metal surface as
a function of reaction time and process conditions. The details of
this DFT-based KMC approach have been reported in previous pub-
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lications [45,46,48,64-67]. A brief summary of this approach is gi-
ven below.

The simulations follow the site-explicit pathways for adsorp-
tion, desorption, surface diffusion, and surface reaction over well-
defined (111) surfaces which are represented by a periodic
32 x 32 metal atom grid containing 6144 surface sites with peri-
odic boundary conditions. The DFT-calculated intrinsic kinetic
database, the DFT-scaled BOC and MMFF models, along with the
reaction condition (temperature and partial pressures) provide
the necessary input for the simulations. All the surface sites are
examined at each time step within the simulation in order to con-
struct a cumulative rate probability distribution for all the possible
surface processes (adsorption, surface reaction, surface diffusion,
and desorption) that can occur within the chosen time step. Diffu-
sion can either be explicitly simulated, neglected or treated as qua-
si-equilibrated. We have chosen to treat the diffusion of surface
intermediates herein as being quasi-equilibrated. We had previ-
ously examined the influence of diffusion on the hydrogenation
of ethylene and found that it did not significantly influence the re-
sults [46,47]. The reaction rates for elementary steps such as sur-
face reaction, desorption, and diffusion are calculated using
transition state theory, where the rate is given by:

i = Viexp <#> (1)

in which v; is the pre-exponential factor, R is the gas constant, T is
the reaction temperature, and AE; is the activation energy barrier
for the elementary reaction i. The pre-exponential factors, v;, were
determined from statistical mechanical estimates [70,71]. A theo-
retical value of 10" s~! was chosen for all unimolecular and immo-
bile surface reactions and desorption steps. For adsorption, the
sticking coefficients were used instead of the pre-exponential fac-
tors. The adsorption rate for species i was determined from the fol-
lowing expression:

Tadi = So - P; - As - (2 - MW; - RT) *° . exp <*RATE”> 2)
in which so, P, MW; and A are the sticking coefficient, the partial
pressure of species i, the molecular weight of i, and the surface area
of the site(s) involved. The sticking coefficients of acetylene, ethyl-
ene, and hydrogen were taken to be 1.0, 1.0, and 0.1, respectively.
These values are based on previous experimental results and a
microkinetic modeling analysis [72,73].

The variable time step kinetic Monte Carlo algorithm proceeds
in event space whereby the time is updated after each event. As
such there is only one event per time step but the time step for
each event can vary. The rates for all processes at a given instant
in time are added together to calculate the total rate, Xr; which
is substituted into Eq. (3) to determine the time step at which
the next possible event occurs

~In(RN)
2ol

where At, defines the variable time step for the next event to occur
and RN is a random number chosen between 0 and 1. A second ran-
dom number is then chosen and used to determine which specific
event occurs within the chosen time step by comparing the chosen
number with the cumulative reaction probability distribution, as
defined in Eq. (4)

il

The reaction simulation proceeds in an event-by-event se-
quence whereby the time and the surface structure are updated
at each time step. The simulation explicitly tracks all the molecular

At, = 3)

P; (4)

transformations together with the surface sites and as such can be
used to the examine the influence of surface structure, alloy com-
position and spatial arrangement as well as reaction conditions on
the detailed molecular product formation, the explicit surface cov-
erages and the site preferences. This allows for the determination
of these microscopic properties as well as the macroscopic proper-
ties which include the turnover frequencies (TOFs), apparent acti-
vation energies, reaction rates, and reaction orders.

We examined the kinetics for the selective hydrogenation of
acetylene-ethylene mixtures over the well-defined Pd(11 1) and
Pds5o%Ags0%/Pd(1 1 1) surfaces in the temperature range of 298-
378 K. The partial pressures of acetylene and ethylene were ini-
tially set at 0.37 kPa and 12.23 kPa, respectively, in order to mimic
the industrial tail-end feedstock mixtures. As such, the acetylene
concentration was fixed at 2.85%. The hydrogen partial pressure
in the gas phase was varied from 0.37 kPa to 2.93 kPa to determine
the effect of hydrogen pressures on the kinetics.

Each simulation was initialized by exposing the clean Pd(11 1)
or PdsoyAgsex/Pd(1 1 1) surfaces to the gas phase acetylene, ethyl-
ene, and hydrogen mixture. The simulations were run until the sur-
face coverages as well as the turnover frequencies achieved steady
state for over a period of 0.5-1.5s. The acetylene conversion, as
well as ethylene and ethane formation rates was calculated by
plotting the number of molecules consumed (or formed) as a func-
tion of time and dividing the resulting slope of this graph by the
number of sites to provide turnover frequencies. The surface cover-
ages of the reaction intermediates reported herein were deter-
mined by averaging the instantaneous coverages over the full
steady-state period. Since ethane was not allowed to re-adsorb in
the simulation, the ethane formation rate was calculated by simply
counting the number of ethane molecules that desorb from the
surface as a function of time. The rate of ethylene formation was
calculated as the difference between the rate of desorption and
adsorption of ethylene. Similarly, the acetylene conversion rate
was calculated by counting the net number of acetylene molecules
consumed as a function of time and used as a measure of the reac-
tion activity. The selectivity to ethylene production was defined as:

Tethane formation
Seo, = 1 — —cthane formation__ (5)

( _racetylene conversion )

where Tethane formation 1S the ethane formation rate; and
T'acetylene conversion 1S the acetylene conversion rate. Eq. (5) was used
to determine the selectivity to avoid any difficulties in direct fol-
lowing the ethylene formation rate due to the statistical uncertain-
ties in tracking the large number of ethylene re-adsorption and
desorption events that occur in the simulation. A similar approach
is also used in analyzing the experimental kinetics of tail-end mix-
ture studies [7,8]. All the reported surface coverages were normal-
ized based on the total number of surface atoms.

3. Results and discussion
3.1.Pd(111)

The kinetics for the selective hydrogenation of the acetylene-
ethylene mixtures were first examined over the pure Pd(1 1 1) sur-
face for partial pressures of hydrogen, acetylene, and ethylene of
0.74 kPa, 0.37 kPa, and 12.23 kPa, respectively. As shown in
Fig. 3, the acetylene turnover frequency increases with increasing
temperature. The apparent activation energy (44 kJ/mol) was
determined by fitting the logarithm of acetylene turnover fre-
quency with respect to the reciprocal of temperature in a classical
Arrhenius expression. The simulated apparent activation energy
was found to agree quite well with kinetic experiments carried
out at low hydrogen partial pressure conditions (tail-end mixtures)
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Fig. 3. The dependence of the acetylene turnover frequency (the rate of acetylene
molecules converted per total number of sites per time) on the reaction temper-
ature and hydrogen pressure for constant acetylene and ethylene pressures of
Pc,u, =037 kPa and Pcu, =12.23kPa on Pd(111). (M) Py, =0.37 kPa; (@)
Py, = 0.73 kPa; () Py, = 1.47 kPa; (V) Py, = 2.93 kPa.

in an industrial reactor (40 kJ/mol) [3]. The simulated apparent
activation energy also agrees quite well with both experiments
and simulations carried out for pure acetylene over the Pd(11 1)
single crystal surface [42]. In addition, the turnover frequencies
for the simulations for the hydrogenation of pure acetylene feeds
were found to be in remarkably good agreement with those re-
ported by Molero [42]. Experiments carried out at higher partial
pressures of hydrogen, however, report apparent activation ener-
gies that are somewhat higher (59-71 kJ/mol) [5,6,12,13,74]. The
composition of the reactant gas mixtures as well as the nature of
the catalyst supports, however, is known to significantly influence
the measured apparent activation energy [7]. For example, the
apparent activation energies of 49 kJ/mol and 65 kJ/mol were
found for the hydrogenation of a tail-end acetylene-ethylene mix-
ture (Hp/CoHp=2), over Pd/Al,0; and Pd/SiO,, respectively,
whereas a surprisingly high barrier of 106 k]J/mol was reported
for the hydrogenation of a front-end mixture with a H,/C,H, ratio
of 130 [7].

The simulated ethylene selectivities were found to increase
with increasing temperature as is shown in Fig. 4. This is in agree-
ment with our previous simulation results for pure acetylene
hydrogenation over the Pd(1 1 1) surface [48]. The ethylene selec-
tivity shown in Fig. 4 increased from 63% to 91% as the temperature
increased from 298 K to 378 K. Higher temperatures increased the
desorption of both ethylene and hydrogen which lowered their
surface coverages and thus significantly decreased the rate of eth-
ylene hydrogenation. The intrinsic activation barrier for the hydro-
genation of ethylene (+72 kJ/mol) is only slightly lower than that
for the desorption of ethylene (+82 kJ/mol) thus higher tempera-
tures tend to readily promote ethylene desorption, lower the sur-
face coverages of ethylene and hydrogen, and minimize the
hydrogenation of ethylene.

The increased ethylene selectivity can also be rationalized in
terms of mechanistic factors that control the hydrogen surface cov-
erage. DFT results indicate that the intrinsic activation barrier for
vinyl hydrogenation to ethylidene is 85 kJ/mol, which is higher
than the barrier of 74 kJ/mol for selective path for vinyl hydrogena-
tion to ethylene. As the temperature is increased, there is an in-
creased desorption rate of hydrogen which limits the surface
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Fig. 4. The dependence of ethylene selectivity on the reaction temperature and
hydrogen pressure for constant acetylene and ethylene pressures of Pc,u, =
0.37 kPa and Pc,i, = 12.23 kPa, respectively, on Pd(11 1). (M) Py, = 0.37 kPa; (@)
Py, = 0.73 kPa; () Py, = 1.47 kPa; (V) Py, = 2.93 kPa.

hydrogen atoms available to react with ethylene and shuts down
the primary hydrogenation route to ethane. The parallel path to
ethane formation which proceeds through the hydrogenation of vi-
nyl to ethylidene followed by ethylidene to ethane is also shut
down as a result of the limited surface hydrogen. The higher tem-
peratures and the limited surface hydrogen concentrations instead
selectively promote the dehydrogenation of ethylidene to ethyli-
dyne over the hydrogenation to ethane. The simulations reveal that
nearly all of the ethylidene reacts to form ethylidyne as the tem-
perature is increased above 323 K. The ethylidyne that forms on
the Pd(1 1 1) surface is fairly unreactive and tends to block the 3-
fold fcc sites. This inhibits the hydrogen adsorption and as a result
lowers the steady-state hydrogen coverage significantly which acts
to prevent the unselective hydrogenation of ethylene to ethane.
Consequently, the ethylene selectivity increases with the
temperature.

As was discussed earlier, the hydrogenation of acetylene to eth-
ylene is governed by the intrinsic activation barriers for the ele-
mentary hydrogenation steps as well as the steady-state surface
coverages. We have therefore closely monitored the coverage for
each of the reaction intermediates as a function of reaction condi-
tions. The average surface coverages for the most abundant surface
intermediates (acetylene, hydrogen, vinyl, and ethylidyne) are
shown as a function of temperature in Fig. 5. The steady-state cov-
erages of ethylene, ethyl, and ethylidene were all found to be less
than 1%. The surface coverages were calculated as the number of
adsorbates on the surface per surface Pd atom averaged over the
entire steady-state time interval. The results in Fig. 5a show that
the vinyl coverage decreased while the ethylidyne coverage in-
creased with increasing temperature. As the temperature in-
creased, the hydrogenation of vinyl to ethylene increased. The
increased temperature, however, also increased the rate of ethyli-
dene formation which readily dehydrogenates to form ethylidyne
as was discussed above. The ethylidyne surface coverage therefore
increased from 0.048 ML to 0.167 ML as the temperature increased.

The hydrogen surface coverage was found to be very low at all
temperatures examined and decreased slightly from 0.004 ML at
298 K to 0.002 ML at 378 K as is shown in Fig. 5b. This decrease
in hydrogen coverage at higher temperature is the result of its en-
hanced desorption. The decrease in the hydrogen surface coverage
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Fig. 5. The dependence of surface coverages on temperature over the Pd(111)
surface at partial pressures of Py, = 0.37 kPa, Pc,u, = 0.37 kPa, Pc,u, = 12.23 kPa.
(a) (@) vinyl; (m) ethylidyne; (b) (V) acetylene; (a) hydrogen.

is the result of the loss of vacant sites for H, dissociation due to an
increase in the overall hydrocarbon surface coverage. This decrease
in the surface coverage of hydrogen lowers the hydrogenation
rates. As a result, this increases the acetylene surface coverage
from 0.035 ML to 0.065 ML. The total surface coverage of all other
minor carbonaceous intermediates such as C, CH, CH,, and CHs was
found to be less than 0.05% of the surface sites. The temperature
dependence of the surface coverages of ethylene, ethylidene, and
ethyl was not analyzed in this work since the calculated coverages
were too low to be statistically significant. The simulations, for
example, revealed that any ethylene that forms on the surface is
either hydrogenated to ethane or rapidly desorbs from the surface.
As the temperature increases, ethylene removal occurs predomi-
nantly through its desorption from the surface.

An important conclusion that can be drawn from the coverage
results reported in Fig. 5 is that the Pd(1 1 1) surface is covered
with vinyl, ethylidyne, and acetylene which result in overall sur-
face coverages of about 0.35 ML. As these are C, species, they tend
to block more than a single Pd site and as such inhibit the dissocia-

tive adsorption of hydrogen and thus limit the hydrogen surface
coverage. The results are consistent with the ideas presented by
Molndr et al. [75] who suggested that the surface is covered with
hydrocarbon intermediates which can block H; activation and limit
the hydrogen surface coverage. The hydrogen that dissociates on
the surface readily reacts with acetylene or other neighboring
hydrocarbons. This is consistent with the negative reaction order
found for acetylene as it inhibits the surface and the first-order
behavior for hydrogen.

The results discussed here can be compared with our previous
simulation study for the hydrogenation of acetylene over Pd [48].
There are two key differences between these two studies. The first
involves the differences in the initial composition of the feed. The
previous study examined the hydrogenation of a pure acetylene
feed, whereas the feed in the present work contains only 2.85%
acetylene. The remaining fraction of the feed is ethylene which
can co-adsorb and react with surface hydrogen. The second differ-
ence involves the increased number of reaction paths simulated
in the present work. In the previous study, we examined only the
selective hydrogenation of acetylene in the primary route. The pres-
ent work provides a more extensive set of dehydrogenation path-
ways for both acetylene and ethylene. The latter difference results
in a change in the most abundant surface intermediate from acety-
lene (found previously) [48] to vinyl and ethylidyne (found here).

The simulation results here demonstrate a significant increase
in the ethylidyne surface coverage with the increasing tempera-
ture. The ethylidyne that forms is unreactive as the intrinsic activa-
tion barriers for its hydrogenation, dehydrogenation, and
decomposition are quite high. It is strongly bound to the surface
and thus blocks available surface sites needed for the activation
of H, which limits the amount of hydrogen on the surface. This is
consistent with experimental observations by Beebe et al. who
showed the evolution of significant ethylidyne surface coverages
in the selective hydrogenation of an acetylene-ethylene mixture
over a Pd/Al,Os catalyst [76]. Ethylidyne remained on the Pd sur-
face up to 400 K without decomposing into C; fragments. At low
partial pressures of hydrogen and high temperatures, ethylidyne
accumulates and eventually poisons the surface by shutting down
the dissociative adsorption of hydrogen [77]. At higher hydrogen
partial pressures, ethylidyne is present but is quite mobile and
thought to simply be a spectator species [41,77]. Simulations car-
ried out at higher partial pressures of hydrogen as reported below
show similar trends.

3.2. Pd-Ag/Pd(111)

Alloying Pd with Ag substantially increases the selectivity of Pd
in the selective hydrogenation of acetylene [29-36]. In order to be-
gin to elucidate the influence of Ag on the selective hydrogenation
of acetylene, we carried out simulations over the two different
model PdsgxAgsox alloy surfaces presented in Fig. 2. The first sur-
face shown in Fig. 2b involves a uniformly dispersed Pd-Ag mono-
layer alloy on a Pd(111) substrate (PdsoyAgs0%/Pd(111)-
dispersed) which contains bridging and atop Pd and Ag sites only.
The 3-fold Pd sites are not present. The surface is consistent with
those suggested by Jin et al. [32]. The second surface shown in
Fig. 2c involves the formation of small alternating Pd; and Ags
ensembles which contain atop, bridging as well as 3-fold Pd and
Ag sites. The steady-state activities and selectivities as well as a de-
tailed breakdown of the surface coverages at different tempera-
tures and partial pressures over these two PdsoyAgs0y alloys are
compared with one another as well as with the results over the
pure Pd(11 1) substrate in order to analyze both the geometric
(ensemble) and ligand (electronic) effects that occur upon alloying.

The simulations on the PdsoyAgsox alloys were carried out at the
same conditions used in the simulations over the Pd(1 1 1) surface.
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Results comparing the two different alloys with pure Pd surface are
presented in Figs. 6 and 7. The simulated acetylene turnover fre-
quencies over these two different alloy surface ensembles plotted
as a function of temperature in Fig. 6 are quite similar with the cal-
culated apparent activation energies of 36 kJ/mol for the
PdsoyAgsox-dispersed alloy and 38 kJ/mol for the PdsgyAgsoy-
ensemble alloy. The ethylene selectivities for these two alloy sur-
faces which are shown in Fig. 7 are also nearly identical over the
full range of temperatures examined. The results suggest that there
is little influence in the arrangement of the atomic surface struc-
ture of the alloys on the kinetics or the selectivities for acetylene
hydrogenation over the PdsgyAgsey/Pd(11 1) surfaces. Since the
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Fig. 6. Comparison of the acetylene turnover frequencies at partial pressures of
Pc,u, = 0.37 kPa; Pc,n, = 12.23 kPa and Py, = 0.73 kPa over the Pd(11 1) and the
PdsoxAgsox/Pd(1 1 1) alloy surfaces. (M) Pd(1 1 1) surface (®) uniformly dispersed
Pds0%Ags0%/Pd(1 1 1) surface; (a) triangular ensemble PdsgyAgsox/Pd(1 1 1) surface.
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Fig. 7. Comparison of the ethylene selectivity at partial pressures of
Pc,u, = 0.37 kPa; Pc,u, = 12.23 kPa and Py, = 0.73 kPa over the Pd(11 1) and the
Pds0%Ags0%/Pd(1 1 1) alloy surfaces. (W) Pd(1 1 1) surface (®) uniformly dispersed
PdsoxAgs0x/Pd(1 1 1) surface; (a) triangular ensemble PdsoyAgs0:/Pd(1 1 1) surface.

effects of the actual alloy structure were found to be negligible,
we carried out the remaining simulations only over the uniformly
dispersed PdsoyAgsox/Pd(1 1 1) surface. The insensitivity to the sur-
face alloy configuration in the simulations is not consistent with
the experimental results by Jin et al. [32] who suggested that the
selective hydrogenation of front-end acetylene-ethylene feeds
can vary depending upon the specific surface alloy configuration
that is present. The difference may be due to the different feed-
stocks considered. Jin et al. suggested that the higher activity of
the dispersed alloy is due to its ability to shut down the larger
Pd ensembles responsible for the significant oligomerization than
those results from hydrogenating tail-end feeds [32]. The simula-
tions results reported herein, however, were carried out over a
front-end feed which has considerably greater hydrogen partial
pressures than the tail-end feed and thus undergoes very little olig-
omerization. As such these oligomerization paths were also not
considered here.

Significant differences can be seen in comparing the kinetics
over pure Pd with that over the Pd-Ag alloy. The results depicted
in Fig. 6 show a decrease in the acetylene turnover frequency as
Ag is alloyed in the surface over a temperature range of 298-
378 K. The rate of acetylene conversion decreased over the
Pds50Ags0%/Pd(1 1 1) surface. This is consistent with the results
from temperature-programed reaction studies under UHV condi-
tions as well as actual reaction studies which suggest that the over-
all rate is slightly decreased upon alloying Ag into the Pd [33]. The
apparent activation energy for the selective hydrogenation of acet-
ylene over the PdsoyAgsox-dispersed surface obtained from an
Arrhenius relationship was calculated to be 36 kJ/mol, which is
slightly lower than the value of 44 kJ/mol found for the Pd(11 1)
surface. This indicates that while the rate per total number of me-
tal sites decreases the rate per actual Pd is slightly more reactive,
especially at low temperatures. The turnover frequencies reported
in the literature are given on a per total site basis. The results re-
ported here suggest that the rate on a per Pd site basis might in-
crease slightly.

The apparent activation energies found here are over 20 kJ/mol
lower than the DFT intrinsic activation barriers. The differences
may be the result of the inclusion of adsorption energies in the
simulations of the apparent activation barriers or due to lateral
repulsive interactions between surface adsorbates. The calculated
kinetics however clearly reveal that these simple rate models
which ignore interactions between adsorbates cannot appropri-
ately capture the chemistry and as such require the introduction
of special sites and empirical fitting. The fact that acetylene has a
non-integral order of —0.5 experimentally and —0.4 herein reveals
that lateral interactions between the adsorbates are clearly playing
a role. As such, one cannot use a simple rate expression to deter-
mine the interplay between the intrinsic activation barriers and
adsorption constants for acetylene and hydrogen. DFT calculations
carried out at higher surface coverages show a decrease of 46 kJ/
mol as the coverage of the alkene or alkyne is increased. [5] This
decrease, which is the direct result of the lateral repulsive interac-
tions between adsorbates, is consistent with the changes reported
here for the intrinsic and apparent activation barrier. We therefore
suspect that the lower apparent activation barrier obtained in this
work arises largely from the repulsive interaction between adsor-
bates but cannot establish how much of this is due to the differ-
ences that result from the inclusion of adsorption energies in the
simulations.

The simulations presented in Fig. 7 show a significant increase
in the ethylene selectivity over the PdsoyAgsox/Pd(11 1) surface
in comparison with that over pure Pd, especially at lower temper-
atures. The ethylene selectivity was found to be over 93% on the
PdsoAgs0%/Pd(1 1 1) surface and only 62% over the pure Pd(11 1)
surface at 298 K. As the temperature was increased to 378 K, the
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ethylene selectivity increased from 93% to 99.5% over the alloy
while that on the pure Pd increased from 62% to 90%. This is con-
sistent with the experimental results which show that alloying
Ag increases the ethylene selectivity [33,36,40,78].

The surface coverages of the reaction intermediates that form
on the PdsgyAgse%/Pd(1 1 1) surface shown in Fig. 12 were found
to be rather different from those that result on the Pd(1 1 1) sur-
face. The results indicate that the dehydrogenation as well as the
C-C bond-breaking paths which require larger surface ensembles
are effectively shut down on the PdsgyAgsex/Pd(11 1) surface.
The unselective hydrogenation paths that lead to ethylidyne and
ethane were also significantly inhibited as a result of the presence
of Ag in the surface. The results show that the selective hydrogena-
tion of acetylene over the PdsoyAgsox/Pd(1 1 1) surface predomi-
nantly follows the very simple sequence of consecutive hydrogen
addition steps shown along the second row in Fig. 1. There is very
little formation of ethylidyne, ethylidene, or C; intermediates.

Acetylene was found to be the most abundant intermediate on
the PdsgyAgsox/Pd(1 1 1) surface which is in sharp contrast to the
results found over the pure Pd surface, which show that vinyl or
ethylidyne cover the surface. The surface coverage of acetylene
was found to increase with increasing temperature over the
PdsoxAgs0%/Pd(1 1 1) surface. At 298 K, for example, the acetylene
coverage was found to be 0.14 ML, whereas at 378 K the acetylene
coverage increased to 0.24 ML.

The vinyl intermediate that forms as a result of the hydrogena-
tion of acetylene was found to be less than 0.02 ML on the
PdsoxAgs0%/Pd(1 1 1) surface for all the reaction conditions exam-
ined. This is significantly lower than the surface coverage of vinyl
on Pd(1 1 1) which ranged from 0.12 to 0.23 ML. This drop in the
vinyl surface coverage is the result of the significant increase in
the rate of vinyl hydrogenation over the PdsgyAgsex/Pd(1 1 1) sur-
face. Any vinyl that forms is very rapidly hydrogenated to ethylene
over the alloy surface. This is in contrast to the slower rates of
hydrogenation of vinyl to ethylene over pure Pd. The contrasting
difference in the rate of vinyl hydrogenation over the pure Pd sur-
face and the PdsoyAgs0%/Pd(1 1 1) surface is attributed to the signif-
icant decrease (64 KkJ/mol) in the activation barrier for the
hydrogenation of vinyl that results upon alloying Pd with Ag.
While this reduction is due to both ensemble and electronic effects,
the ensemble effect is the more predominant of the two as the
PdsoxAgs0%/Pd(1 1 1) surface used here is devoid of the 3-fold Pd
sites which stabilize the binding of vinyl on Pd. The adsorption of
the vinyl intermediate therefore drops by over 60 kJ/mol in moving
from the pure Pd to the PdsgyAgsex/Pd(1 1 1) surface.

The simulations show that the unselective hydrogenation of vi-
nyl to ethylidene which was found to be competitive with the
hydrogenation of vinyl to ethylene over the pure Pd surface is
effectively shut down over the PdsoyAgsox/Pd(1 1 1) surface. The
enhanced rate for the hydrogenation of vinyl to ethylene ulti-
mately prevents vinyl from reacting via the slower channel to form
ethylidyne. The presence of Ag prevents the formation of the 3-fold
Pd ensembles which forces the vinyl intermediate to bind in an N,
configuration solely through the CH group. The CH, end of vinyl
intermediate is pushed from the surface thus inhibiting hydroge-
nation addition to form ethylidyne. The loss of the larger Pd
ensembles on the PdsgyAgsox/Pd(11 1) surface also effectively
shuts down the C-C bond-breaking steps and thus prevents the
unselective paths that lead to the formation of C; intermediates.

The simulations reveal that very little ethane is formed over the
Pdso%Ags0%/Pd(1 1 1) surface. This is predominantly due to the fact
that the Ag significantly weakens the adsorption of ethylene which
allows it to readily desorb from the surface before it can ever react.
The reduction in the binding energies of both vinyl and acetylene
on the PdsgyAgsox/Pd(1 1 1) surface enhances their hydrogenation
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Fig. 8. Snapshots of the surfaces from simulations. (a) Pd(111) surface; (b)
uniformly dispersed PdsgyAgsox/Pd(111) surface; (c) triangular ensemble
Pds0%Ags50%/Pd(1 1 1) surface. The orange spheres and the white spheres represent
Pd and Ag atoms, respectively. The C and H atoms are in green and gray,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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rates. The weaker adsorption of ethylene, however, decreases its
rate of hydrogenation and promotes its desorption before it can re-
act to form ethyl or ethane. Desorption is the predominant channel
and as such strongly contributes to the very highly selectivities
found over the alloy surface.

The kinetic Monte Carlo simulations allow us to track the
microscopic details involved in the molecular transformations that
occur over the metal surface and thus give rise to the macroscopic
kinetic behavior. Knowledge of adsorption sites as well as the
adsorbate orientations on the surface at steady-state conditions
was useful to establishing the dominant reaction pathways that
control the selective hydrogenation of acetylene over both the
Pd(11 1) and the PdsgxAgs0%/Pd(1 1 1) surfaces.

A typical snapshot of the Pd(1 1 1) adlayer structure is shown in
Fig. 8a. The Pd(1 1 1) surface is dominated by vinyl, ethylidyne, and
acetylene. All three of these intermediates are strongly held to the
surface and prefer the 3-fold Pd coordination sites. They therefore
limit the dissociative adsorption of hydrogen and as such control
the hydrogen surface coverage. The ethylene that forms binds at
either bridging Pd sites (di-c) or atop of Pd (r-bound). It is hydro-
genated further to form an ethyl intermediate which binds atop of
Pd and ethane which desorbs for the surface.

Fig. 8b depicts a snapshot of the steady-state adlayer on the
Pdso%Ags0%/Pd(1 1 1) surface with a uniform Ag distribution. It is
clear from these figures that the presence of Ag in the surface sig-
nificantly changes the adlayer coverage and composition. As dis-
cussed earlier, the addition of Ag leads to a loss of the 3-fold Pd
ensembles. This forces acetylene to move from its stable ;-1
adsorption site to a bridging Pd site where it is held much more
weakly. Acetylene is thus hydrogenated more readily to form vinyl.
The vinyl intermediate also shifts from its most favorable 1n;-n3 Pd
adsorption site to an atop Pd site on the PdsoyAgsox/Pd(1 1 1) sur-
face. Both hydrogen and ethylene were less discriminatory and
maintained their 3-fold (Pd-Pd-Ag) and the bridge (Pd-Pd) sites,
respectively. Fig. 8c shows a snapshot of the adlayer structure at
steady-state conditions over the Pd;-Ags ensemble PdsgyxAgsox/
Pd(1 1 1) surface. A similar adlayer structure appears to form as
that on the dispersed PdsgyAgso%x/Pd(1 1 1) surface which helps to
explain the similarities in the activity and selectivity discussed ear-
lier for these two Pd-Ag alloy surfaces.
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Fig. 9. The dependence of the acetylene turnover frequency on hydrogen partial
pressure at different temperatures over the uniformly dispersed PdsoxAgsox/
Pd(111) alloy surface. (M) Py, =037kPa; (@) Py, =0.73kPa; (a)
Py, = 1.47 kPa; (V) Py, = 2.93 kPa.

3.3. The effect of hydrogen pressure

The effect of hydrogen on the kinetics for the selective hydroge-
nation of acetylene over the Pd(11 1) as well as the dispersed
Pds0%Ag50%/Pd(1 1 1) surfaces was examined by varying the partial
pressure of hydrogen from 0.37 kPa to 2.93 kPa for different tem-
peratures. The acetylene turnover frequency increased with
increasing hydrogen partial pressure over both surfaces as a func-
tion of temperature as is shown in Figs. 3 and 9. The apparent acti-
vation energy for acetylene hydrogenation over the pure Pd surface
dropped slightly from 44 to 32 kJ/mol as the hydrogen pressure
was increased from 0.74 to 2.93 kPa. This indicates that hydroge-
nation increases with increasing hydrogen coverage. Duca et al.
studied the kinetics of acetylene-ethylene mixtures over Pd/pum-
ice catalysts in a continuous flow fixed-bed microreactor at atmo-
spheric pressure over a temperature range of 283-340 K [8]. They
showed a similar decrease in the apparent activation energy with
the increasing ratio of Py, /Pc,n,. The decrease, however, was signif-
icantly larger with a reduction in the apparent barrier from 58 to
36 kJ/mol as the ratio of Py, /Pc,u, was increased from 45 to 130
[8]. The simulation results for the PdsgyAgsex/Pd(1 1 1) alloy pre-
sented in Fig. 9 reveal that there is a very slight decrease
(4 kKJ/mol) in the activation barrier with increasing hydrogen par-
tial pressure. The differences are, however, very small and may
be within the statistical precision of the simulations.

While there is little influence of the hydrogen partial pressure
on the apparent activation barrier, the effect of hydrogen on ethyl-
ene selectivity is quite significant. The selectivity over the pure
Pd(1 1 1) decreases with increasing the partial pressure of hydro-
gen. The results in Fig. 4 showed that as the hydrogen partial pres-
sure is increased from 0.37 to 2.93 kPa, the ethylene selectivity
decreased from 98% to 56% on the Pd(1 1 1) surface at 298 K, and
from 78% to 48% at 378 K. This is consistent with the experimental
measurements [8,40]. Duca et al., for example, showed a substan-
tial increase in ethane production over supported Pd catalyst as the
ratio of Py, /Pc,u, increases from 2 to 130 [8]. Similarly, Bond et al.
reported that the ethylene selectivity decreased from 96% to 87% at
295K as the hydrogen partial pressure was increased from
100 mm Hg to 250 mm Hg for acetylene hydrogenation over
Pd/a-Al,0s. The loss in selectivity at higher partial pressures of
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Fig. 10. The dependence of ethylene selectivity on hydrogen partial pressure at
different temperatures over the uniformly dispersed PdsgyAgsox/Pd(11 1) alloy
surface. (M) Py, =0.37kPa; (®) Py, =0.73KkPa; (a) Py, =1.47kPa; (V)
Py, = 2.93 kPa.
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hydrogen has also been suggested to be the result of the formation
of the more active yet unselective B hydride phase of Pd [1,2]. The
influence of hydrogen on selectivity was found to be significantly
weaker over the PdspyAgs0%/Pd(1 1 1) surface. Fig. 10, for example,
indicates that the ethylene selectivity decreased by only 2% (from
99.8% to 97.7%) at 298 K as hydrogen partial pressure increased
from 0.37 to 2.93 kPa. This is comparable to experimentally mea-
sured ethylene selectivity that decreases from 99% to 95% at
294 K for Pd-Ag alloy with 10% Ag [40]. Alloying Ag allows the cat-
alytic surface to become much more resilient to the increased
hydrogen pressures. This is also consistent with the experimental
results from Khan et al. [33].

The simulations were used to determine the macroscopic reac-
tion orders to further compare with experiment. The simulated
acetylene turnover frequencies taken as a function of hydrogen
acetylene and ethylene partial pressures were fit to Eq. (6) to
establish the macroscopic reaction orders
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The hydrogen reaction order was found to increase from 1.1 to 1.3
over the Pd(1 1 1) surface as the temperature was increased from
318 K to 378 K. These orders are consistent with the experimental
results which range from 1.0 to 1.5 over different supported Pd cat-
alysts over different feed conditions [3,79].

The simulated hydrogen reaction order over the dispersed-
Pds0%Ags0%/Pd(1 1 1) alloy was found to be just slightly higher than
the pure Pd(1 1 1) surface which increased very weakly from 0.9 to
1.1 as the temperature was increased from 298 K to 378 K. The pre-
dicted hydrogen order is lower than the experimental order of 1.68
reported by Bond et al. for Pd-Ag (10 wt% Ag and 20 wt% Ag) alloy
catalysts at 293 K [40].

The acetylene reaction orders were calculated to be —0.4 over the
Pd(11 1) surface at 323 K and Py, = 0.37 kPa, Pc,u, = 12.23 kPa
(Fig. S1 of Supplementary information). This is consistent with our
previous simulations [48] and the experimental results reported
by Molero [42] and —0.21 over PdsoyAgsox/Pd(1 1 1) at the same
conditions. Acetylene binds quite strongly to Pd and in addition leads

—Tc,n, (TOF) = v - exp (f %) Peu, - Pon, - Ph, (6) to the formation of vinyl and ethylidyne. All these intermediates
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block the sites needed for the dissociation of hydrogen and as such
result in negative reaction orders. The addition of Ag slightly
weakens this effect but there is still a competition for site as the
reaction order is —0.21.

The ethylene reaction orders on the Pd(11 1) and Pdso3Agsox/
Pd(1 1 1) surfaces were found to be +0.03 and —0.02, respectively
(Fig. S1 of Supplementary information). Both are essentially zero
order and there is very little change in moving to the Pd-Ag alloy.

The effect of the hydrogen partial pressure on the surface cover-
ages of hydrogen, vinyl, and ethylidyne over Pd(1 1 1) is shown in
Fig. 11. As might be expected, the hydrogen surface coverage in-
creases with increases in the hydrogen partial pressure. This trend
is more distinctive at lower temperatures. At 298 K, the hydrogen
coverage increased from 0.004 to 0.016 ML as the hydrogen pres-
sure was increased from 0.37 to 2.93 kPa. This increase in hydrogen
surface coverage promotes the linear increase in the acetylene
hydrogenation rates with hydrogen pressure. The higher hydrogen
pressures, however, also promotes the hydrogenation of all the
surface intermediates which results in the over-hydrogenation of
ethylene and a significant loss in selectivity.

The effect of hydrogen partial pressure on the acetylene cover-
age was found to be rather weak. The influence on the vinyl cover-
age, however, was much more significant whereby increasing the
hydrogen partial pressure increased the coverage of vinyl
(Fig. 11b). The increase in vinyl coverage is the result of an increase
in the rate of acetylene hydrogenation over Pd with hydrogen pres-
sure. While there was only a slight increase in the ethylidyne cov-
erage with an increase in the hydrogen partial pressure over Pd as
shown in Fig. 11c, the hydrogenation of ethylidene to ethyl as well
as the subsequent hydrogenation of ethyl to ethane became notice-
able higher at the higher partial pressures of hydrogen. This is con-
sistent with the ideas presented in [1,2,15,16] which suggest that
there is a secondary path which leads to the hydrogenation of acet-
ylene to ethane that does not have to proceed through ethylene but
instead goes through ethylidene.

The effect of hydrogen partial pressure on the surface coverages
for the most abundant surface intermediates in the selective
hydrogenation of acetylene over the dispersed PdszAgsox/
Pd(1 1 1) surface is shown in Fig. 12. While the hydrogen coverage
increased with the hydrogen pressure, the acetylene coverage
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decreased. The higher hydrogen partial pressures increased the rate
of acetylene hydrogenation which ultimately led to the decrease
in the acetylene surface coverage. The increase in the partial pres-
sures of hydrogen also increased the rate of ethylene and ethyli-
dene hydrogenation which results in an increase in the coverage
of ethyl intermediates as shown in Fig. 12c. Since the barriers for
ethyl dissociation back to ethylene and ethylidene were only 41
and 58 kJ/mol, which are considerably lower than the barrier of
ethyl hydrogenation to ethane (78 kj/mol), very little ethane is
actually formed. The selectivity to ethylene over the Pd-Ag alloys
was therefore found to be much more resilient to changes in the
pressures of hydrogen and changes in the overall operating condi-
tions than the pure Pd surface was.

It is important to point out again that we not included the hy-
dride or carbide formation which are known to form on Pd and
can significantly influence the selectivity [1,2,21-23]. As such the
simulations do not appropriately capture the decrease in selectiv-
ity that occurs at higher temperatures and higher hydrogen pres-
sures due to the formation of the unselective B-hydride phase. In
addition, the simulations do not include routes for the formation
of carbide, coke, or oligomeric carbon all of which are known to oc-
cur on Pd at higher temperatures. The carbide phase is thought to
be highly selective as it limits the formation of subsurface hydro-
gen [21-23]. While both hydride and carbide phases are clearly
important for supported Pd, their formation and importance to
the catalytic hydrogenation on the PdAg alloys, however, is un-
clear. We expect that the simulations reported herein should agree
reasonably well with the experimental data at the lower tempera-
tures and hydrogen pressures examined herein.

4. Summary/conclusions

A first-principles-based kinetic Monte Carlo simulation was
constructed and used to follow the molecular transformations
and the kinetics for the selective hydrogenation of acetylene from
ethylene feedstocks over the pure Pd and the Pd-Ag alloy surfaces.
The kinetics for the hydrogenation of acetylene was established
from first-principles DFT calculations over the Pd and Pd-Ag alloy
surfaces. The ab initio results were used together with a van der
Waals model from the Merck Force Field and a BOC lateral interac-
tion model to construct a kinetic database for a site-explicit vari-
able time step kinetic Monte Carlo simulation used to follow the
molecular transformations involved in the selective hydrogenation
of a front-end acetylene-ethylene feed over the Pd(111) and
bimetallic PdsozAgs0%/Pd(1 1 1) surfaces. The simulations explicitly
follow the elementary steps involved in the two parallel hydroge-
nation routes which proceed through the formation of ethylene
and ethylidene, respectively, to form ethane. The simulations also
followed the unselective C, dehydrogenation and the C-C bond-
breaking paths.

The simulations reveal that the activity and the selectivity of
acetylene hydrogenation are controlled by an optimal balance of
hydrogen and ethylene on the surface. On the pure Pd(11 1) sur-
face, the overall rate is governed by the dissociative adsorption
of hydrogen onto the surface and the availability of hydrogen on
the surface to carry out the hydrogenation steps. Vinyl, ethylidyne,
and acetylene, which are the most abundant surface intermediates,
cover up to 0.35 ML of the surface which blocks access to 3-fold
coordination sites and inhibits the dissociative adsorption of
hydrogen. Increasing the reaction temperature increased both the
catalytic activity and the selectivity. The increase in the rate with
temperature is due to the increase in the hydrogenation rate con-
stant with temperature. The increase in the selectivity to ethylene
with temperature is controlled by the increased rate of acetylene
and vinyl hydrogenation together with the increased rate of

ethylene desorption. The selectivity is also promoted by an in-
crease in the rate of ethylidyne formation as a result of the
concomitant increase in ratio of dehydrogenation to hydrogenation
of ethylidene. Ethylidyne is a stable surface intermediate that
ultimately leads to intermolecular repulsive interactions within
the adlayer that enhance the hydrogenation of ethylene and vinyl
intermediates, promote the desorption of ethylene, and prevent
the C-C bond-breaking reactions as well as the over-hydrogenation
to ethane. Increasing the partial pressure of hydrogen increases the
acetylene turnover frequency as the reaction is first order in
hydrogen. The increase in hydrogen partial pressure, however, also
increases the availability of hydrogen on the surface which cata-
lyzes the unselective hydrogenation paths that lead to the forma-
tion of ethane and the loss in the overall selectivity to ethylene.

Alloying the surface with Ag results in both ensemble and elec-
tronic effects which weaken the binding energies of acetylene and
hydrogen to the surface. The presence of Ag in the surface weakens
the binding strengths for all surface intermediates including acet-
ylene, vinyl, hydrogen, and ethylene which increases their rates for
desorption as well as their rates of hydrogenation. The weaker
interactions and the loss of Pd sites control the availability of
hydrogen on the surface. This, together with the weaker ethylene
binding to the surface, promotes ethylene desorption over ethylene
hydrogenation. This significantly improves the selectivity in the
studied temperature range. The presence of Ag on the Pd(111)
surface also shuts down the larger Pd ensembles which can lead
to the C-C bond breaking as well as ethylidyne formation. While
the overall rate of acetylene conversion decreases as a result of
the decrease in the number of surface Pd atoms, there is a slight in-
crease in turnover frequency on a per Pd site basis.

On both the pure Pd(11 1) and the PdsgyAgs0%/Pd(11 1) sur-
faces, the activity is controlled by weakening the bonding of acet-
ylene and hydrogen to the surface. On Pd(1 1 1), this occurs via the
presence of ethylidyne that forms during reaction, whereas on the
PdsoAg50%/Pd(1 1 1) surface this occurs via the presence of Ag. The
selectivity on both Pd and PdsgyAgsox/Pd(1 1 1) surfaces is opti-
mized by controlling the availability of hydrogen and by enhancing
the rate of ethylene desorption over hydrogenation. On the
Pd(1 1 1) surface this is governed by the steady-state ethylidyne
surface coverage that forms as a result of reaction, whereas on
the PdsgyAgsex/Pd(1 1 1) surface it is the result of Ag on the surface.
Ethylidyne which is formed during the reaction over Pd promotes
the activity and the selectivity of the reaction via the same mech-
anisms as those of Ag. Its formation requires somewhat higher
temperatures and it is slightly less effective than Ag. At higher tem-
peratures, ethylidyne readily forms on the surface and helps to en-
hance the selectivity to ethylene.
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