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ABSTRACT
Ethylene produced via steam cracking is contaminated with a small amount of acetylene
which poisons ethylene polymerization catalysts in the production of polyethylene. Current
technology utilizes precious metal catalysts to purify this stream via the selective hydrogenation
of acetylene to ethylene. Thus, the development of selective base-metal catalysts has the potential
to greatly reduce the cost of this process. Recently, some attention has been given to bimetallic
nickel-zinc as a potential base-metal catalyst for this reaction. Experimental results pertaining to
the selectivity of NiZn catalysts have been inconclusive, motivating the scrutiny of this reaction
using DFT methods. In the present study, we established an optimized crystalline NiZn structure,
modeled the energetics of the hydrogenation of acetylene, and used Langmuir-Hinshelwood
kinetics to analyze the results. This analysis was then used to evaluate under what conditions the
criteria of preferential ethylene desorption relative to hydrogenation is sufficient to conclude that
a catalyst is selective for hydrogenation of acetylene to ethylene. Based on DFT results and
under typical selective hydrogenation reaction conditions, both nickel and nickel-zinc should be
selective to the hydrogenation of ethylene with respect to production of ethane, with nickel-zinc
orders of magnitude more selective. Future work should consider the selectivity with respect to
oligomerization products, since the formation of C-C bonds leading to higher hydrocarbons may
also represent a selectivity challenge for the use of Ni-based catalysts for this reaction.
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Introduction
Ethylene is a major feed material for the production of polymers such as polyethylene.
Acetylene is generated along with ethylene in the cracking process and even parts per million
concentrations of acetylene poison polymerization catalysts.1, 2 The removal of this contaminant
represents a challenging and expensive problem in the plastics industry. Traditional separation
techniques are energy intensive and inefficient for this purpose, but selective hydrogenation has
been demonstrated to be effective; this approach is illustrated in Figure 1. Existing catalysts for
this process use various precious metal alloys of palladium, platinum, and silver,3 so the
development of base-metal catalysts has the potential to greatly reduce the cost of this separation
process. Recently, some attention has been given to bimetallic nickel-zinc (NiZn) as a potential
selective catalyst for this reaction.4 Mechanistic studies can help verify the selectivity of this
catalyst and provide insight to guide the rational design of nickel-based selective hydrogenation
catalysts.

Figure 1: An ideal selective catalyst for this application will convert Acetylene to Ethylene while minimizing the
production of ethane. Dashed lines indicate bonds to the catalyst surface.
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Quantum mechanical calculations can examine the rate and activation energy of bond
forming and breaking. For the purpose of analyzing heterogeneous catalysis, Density Functional
Theory (DFT) is computationally practical while maintaining a useful level of precision. Applied
to the hydrogenation of acetylene over NiZn and Ni, rigorous DFT calculations can provide
useful information elucidating the mechanism behind this selectivity, paving the way for catalyst
design in similar applications.
DFT has been used to study this system by Studt. et.al.4, but this study lacked rigorous
analysis of both experimental and computational results. This study concluded that NiZn catalysts
are more selective than pure Ni due to preferential desorption of ethylene relative to further
hydrogenation. Experimental results in the Rioux lab pertaining to the selectivity of NiZn
catalysts have been inconclusive, motivating our further mechanistic scrutiny of this reaction
using DFT methods. Herein, we repeat the DFT analysis in the previous work, using a more
precise model for the Ni-Zn surface and varying other computational parameters.

A more

rigorous kinetic analysis is used to establish whether the selectivity considerations discussed by
Studt et al. establish Ni-Zn as a more selectivity catalyst. We establish an optimized crystalline
NiZn structure, model the energetics of the hydrogenation of acetylene, and use LangmuirHinshelwood kinetics to analyze the results. The Langmuir-Hinshelwood kinetic analysis
evaluates under what conditions the criteria of preferential ethylene desorption relative to
hydrogenation is sufficient to conclude that a catalyst is selective for hydrogenation of acetylene
to ethylene over ethane production.
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Methods

DFT Methods
All calculations were carried out using the Vienna ab initio simulation program (VASP),
and ab initio total energy and molecular dynamics program developed at the Institute for Material
Physics at the University of Vienna.5-7 The Perdew-Wang (PW91) version of the generalized
gradient approximation (GGA)8,9 was used with a plane wave basis set cutoff energy of 450 eV
and a 3x3x1 Monkhorst-Pack k-point mesh.10 Adsorption energy comparison calculations were
also performed using the Perdew-Burke-Ernzerhof (PBE) and Revised Perdew-Burke-Ernzerhof
(RPBE) functionals.8,11 Structural optimization was carried out until the forces on all atoms were
less than 0.05 eV/Å. Spin polarized total energy calculations were employed for all surface
analyses. The zero-point vibrational energy (ZPVE) was determined by calculating the harmonic
vibrational modes for which only adsorbates were relaxed in surface-adsorbate systems.
Each adsorbate was first optimized independently in a 25 Å x 25 Å x 25Å unit cell with
only the Gamma point considered. For these calculations, the convergence criteria were the same
as above. Three layer slabs of Ni (111) and NiZn (101) (construction and optimization detailed
below) with a cell size of 4 surface atoms by 4 surface atoms were separated by 16 Å of vacuum
space normal to the surface. These surfaces were used for all adsorbate-surface calculations.
Transition states were determined using the climbing image-nudged elastic band (CINEB) method within VASP code.12-14 Four intermediate images were constructed between the
initial and final states. Transition states were verified to have a force tangent to the reaction
coordinate of less than 0.05 eV/Å, to have atomic forces equivalent to our optimization criteria,
and to have a single imaginary vibrational frequency along the reaction coordinate.
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The 0 K binding energies of adsorbates were calculated as the 0 K energy difference with
ZPVE corrections between the adsorbed state and isolated molecule and surface. Activation
barriers were calculated as the 0 K energy difference between the transition and initial states.
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Langmuir-Hinshelwood Derivation
To analyze the kinetics of this system, we simplify the complex assortment of steps
within the hydrogenation system to two general processes. In Process 1, acetylene (A) is
catalytically converted to ethylene (B). In Process 2, ethylene is converted into various products
(polymerization reactions, ethane, etc.). Given this framework and the assumptions outlined
below, a Langmuir-Hinshelwood analysis was preformed:

Assumptions:
1. Acetylene adsorption is equilibrated, but ethylene adsorption is not assumed to be
equilibrated.
2. Hydrogen adsorption is neglected. This assumption presumes that adsorbed hydrogen
does not considerably affect the adsorption of other species and that adsorbed
hydrogen is readily available for each reaction.
3. The activation barriers to adding the first hydrogen to acetylene or the first hydrogen to
ethylene are rate determining for each of these overall hydrogenation reactions, and
thus the reactions are assumed to occur in a single hydrogenation step with this
activation energy. This assumption is in agreement with our DFT results.
4. Each adsorbate occupies an equivalent site.
5. Ethane desorbs rapidly following its formation, and there is no significant concentration
of ethane in the gas phase, such that its adsorption can be neglected.
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The simplified mechanism is defined as:

where “*” denotes a bare surface site and “A*” denotes an adsorbed acetylene species.
Though adsorbed hydrogen is necessary to complete each reaction, it has been left out as
our goal is to develop a relationship for selectivity and these terms would eventually cancel out in
the selectivity expression.
Assuming the adsorption of acetylene is equilibrated:

where A denotes the fractional coverage of acetylene on the surface.
Using a pseudo-steady state approximation for the adsorbed ethylene reaction intermediate:

A site balance yields:

Combining these equations yields:
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We define selectivity as:

A value equal to 1 would indicate that the rate of ethane production equals the rate of acetylene
hydrogenation. Values greater than one indicate the selective hydrogenation of acetylene to
ethylene relative to ethane production. Values less than one indicate that ethane is produced faster
than acetylene is hydrogenated, such that ethylene is consumed by hydrogenation. A selective
catalyst will have a selectivity substantially greater than 1.
Combining the above equations yields Equation 1:

This relationship has four extremes which allow further simplification:
1. If
then the selectivity is less than or equal to one, indicating that all acetylene
is converted to ethane and a large kadsPB can cause ethylene to be hydrogenated:

2. If
then selectivity is dictated by the relative rates of ethylene desorption,
adsorption, and hydrogenation:

3. If
then the adsorption of ethylene can be neglected and ethane can
only come from acetylene. In this case, the selectivity must be greater than or equal to 1
with larger values of kdes with respect to k2 dictating selectivity:

4. If
then ethylene adsorption can be assumed to be equilibrated. In
this case, surface ethylene formation from ethylene adsorption is much faster than
acetylene hydrogenation, such that selectivity is determined by the ratio of the
independent acetylene hydrogenation and ethylene hydrogenation rates:
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Cases 3 and 4 provide contrasting indications of what would produce a selective
hydrogenation catalyst. Case 4 indicates that a selective catalyst will show preferred adsorption of
acetylene compared to ethylene (KA/KB) and/or a faster rate constant for acetylene hydrogenation
relative to ethylene hydrogenation (k1/k2). Case 3 indicates that a selective catalyst will offer a
high rate constant for ethylene desorption relative to ethylene hydrogenation. The central
determining factor between which catalyst design criteria holds true is whether surface ethylene is
formed mainly by acetylene dehydrogenation (case 3) or ethylene adsorption (case 4). Evaluating
the relative values of k1KAPA and kadsPB determines which of cases 3 and 4 are operable
simplifications under typical acetylene selective hydrogenation conditions.
To judge which of these conditions holds true, other constants must be calculated:
kads can be approximated from collision theory (where s is the sticking coefficient, m is the mass
of the adsorbate, and B is Boltzmann’s constant):
(

)

kdes can be approximated as:
[
where

]

represents the energy of adsorption of ethylene to the metal surface and h is Planck’s

constant.. k1 and KA can be approximated by transition state theory, and the ratio of transition
state and reactant state partition coefficients typically included in the pre-exponential factor is
approximately unity:
[

]

[

]

[

]

[

]

[

]
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In these equations,

and

represent the activation barriers of acetylene and ethylene

hydrogenation, respectively. The free energy of adsorption of acetylene was calculated by
correcting the DFT value to standard temperature and pressure using statistical mechanics,
treating acetylene as an ideal gas and considering only vibrational entropy for the adsorbed
species.
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Results and Discussion

Optimization of the NiZn crystal structure
While the Face Centered Cubic (fcc) Ni bulk structure is well characterized and the fact
that the 111 surface is the lowest energy is well known, the structure of NiZn has not been
explored using DFT methods. When bulk NiZn was analyzed experimentally in the Rioux group,
we found that our lattice parameters from the XRD spectra did not agree with published data.4 To
address this disagreement, the bulk structure and preferred expressed surface of NiZn were
computationally optimized.
Beginning with single-point calculations at the experimental lattice parameters, the
Monkhorst-Pack k-point mesh and plane wave basis set cutoff energies of 7 x 7 x 7 and 875 eV
were selected as sufficient to converge the system energy. With these calculation parameters, the
bulk crystal was manually stretched and scaled in 1% increments, and single-point energies were
calculated. A sample of these calculations is shown in Figure 2.
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Figure 2: Manual optimization of NiZn bulk crystal lattice parameters.
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This yielded a fully optimized Body Centered Tetragonal (BCT) crystal lattice (BCT
a=b=2.76Å; c=3.19Å) that agrees well with the experimental XRD patterns, as shown in Figure 3.
This is significant as it not only yields very similar lattice parameters to the experimental results
published by Predel (BCT a=b=2.75Å; c=3.21Å),15 but also the crystal symmetry differs from the
cubic structure used in the previous DFT study by Studt et al. (FCC). 4

Figure 3: Comparison of experimental and theoretical XRD spectra.
Experiment performed by Charlie Spanjers

The lattice parameters used in Studt’s work were not published. However, it should be
noted that a cubic structure is a symmetrical case of a tetragonal structure, as demonstrated in
Figure 4. Thus, in a FCC structure with side lengths X, the BCT analogue would have dimensions
of

, and

. Comparing this symmetry condition to the calculated lattice

parameters above while keeping the C dimension constant (3.19Å), the A and B dimensions
would equal 2.26Å. The difference between 2.75Å and 2.26Å is significant and indicates that the
tetragonal structure is elongated in the A and B dimensions relative to the C dimension.

Figure 4: A: FCT lattice superimposed on a BCC lattice. B: BCT lattice superimposed on a
FCC lattice. This illustrates how each is a special case of BCT structure.16
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The lowest energy surface was determined by exploring the relative energies of the 101
and 110 crystal surfaces (shown in Figure 5). Both surfaces resemble the close packed (111)
surface of an fcc mesh. The energy of each surface was calculated with a mirrored 1x1 unit cell
(5x5x1 KPOINTS) at varying thicknesses with the position of all atoms relaxed during
optimization and 15Å of vacuum space between slabs.

Figure 5: Left: Optimized NiZn 101 surface. Right: Optimized NiZn 110 surface.

To compare the surfaces, surface energy of each system is defined as:

As shown in Figure 6, the 101 surface is lower in energy than the 110 surface, and thus
would be expressed to a greater extent. For this reason, the 101 surface was chosen as the model
surface for this catalytic study. However, a more detailed analysis would have to be undertaken to
determine the expression levels of other surfaces, which may possess different catalytic properties
for a particular nanoparticle.
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Figure 6: Calculated surface energy of 110 and 101 NiZn surfaces.
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Reaction Coordinate
Equilibrium structures (reactants and products) and transition states were located for each
step in the complete reaction coordinate (shown in Figure 7) on Ni (111) and NiZn (101)
surfaces. The calculated energies and visualizations of these states are presented in Appendices B
and C. For the purposes of analyzing the selectivity of this reaction over Ni and NiZn, the
simplifying assumption was made that the highest activation barrier is rate limiting for each
overall hydrogenation reaction (C2H2 to C2H4 and C2H4 to C2H6). This assumption is supported by
our data in that the activation barriers to adding the first hydrogen to acetylene and to ethylene are
much greater than the barriers associated with adding the second hydrogen. These first
hydrogenation steps are also exothermic. Accordingly, the intermediate steps involving C2H3 and
C2H5 were omitted from the kinetic analysis, yielding the simplified reaction coordinate, shown in
Figure 8.

Figure 7: Complete reaction diagram for the hydrogenation of acetylene and ethylene. Dashed lines indicate
bonds with the catalyst surface and TS indicates a transition state.
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Figure 8: Reaction coordinate for the hydrogenation of acetylene as published by Studt et al. and as calculated
in this study over Ni and NiZn. All values are shown in relation to gas-phase acetylene + surface.

There are a few immediately noticeable trends in Figure 8. First, the adsorption energy of
acetylene is much more favorable on Ni than on NiZn, while the ethylene adsorbs weaker and
similarly to each surface. Second, while the activation energy for the hydrogenation of ethylene is
much lower than that of acetylene over Ni, the barriers are similar over NiZn. These relationships
are illustrated in Figure 9. Third, the data published by Studt et al. shows consistently higher
energy transition states and consistently lower adsorption energies than our calculations.
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Figure 9: Side-by-side comparison of activation barriers (Ea) for each transition and
adsorption energies (Eads) of acetylene and ethylene over Ni and NiZn.
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Beyond differing lattice parameters for the NiZn structure, the main difference between
this work and Studt’s is the choice of functional. As described above, these values were obtained
using the PW91 exchange-correlation functional. To confirm the significance of the choice of
functional, gas-phase and adsorbed acetylene and ethylene were optimized on NiZn (101) with a
cell size of 2 atoms by 2 atoms by 4 layers with two layers frozen, a 7x7x1 Monkhorst-Pack kpoint mesh, and the same optimization criteria as used for our calculations above. The results,
shown in Figure 10, show that while PW91 and PBE functionals yield very similar results, the
RPBE functional predicts much weaker binding of acetylene and ethylene to the NiZn surface.
PW91
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RPBE

Adsorptoin Energy (eV)

0.5
0
-0.5
-1
Acetylene Adsorption
-1.5

Ethylene Adsorption

Figure 10: Adsorption energies of acetylene and ethylene to NiZn

Recalling the definition of selectivity above, the RPBE case would suggest that, if
assumption #3 is valid, Ni-Zn is a substantially more selective catalyst since ethylene desorption
is favorable. This is the conclusion reached in the Studt paper. Using the PW91 calculated
energies (results are shown in Figure 11; values are tabulated in Appendix B) we conclude that:
1. Assumption #3 is valid (

and the selectivity expressed with the

simplification of assumption 3 is equivalent to that calculated with the full expression.
The calculated values in the inequality above, for the Ni(111) surface, are:
=2.2x1028 s-1 site-1
=7.0x107 s-1 site-1
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Though there are a number of approximations in the calculation of these values, the 21
orders of magnitude difference suggests that the conclusion reached is robust. This
suggests all ethylene formed on the surface originates from the hydrogenation of
acetylene rather than ethylene adsorption, and selectivity to ethylene production relative
to ethane production is determined by whether the surface ethylene desorbs faster than it
hydrogenates.
2. Both Ni (111) and NiZn (101) are predicted to be very selective for the hydrogenation of
acetylene to ethylene relative to ethane production (selectivities significantly greater 1
as defined above). The predicted selectivity of the pure Ni catalyst is surprising, and
suggests that the simplistic mechanistic picture used in deriving the selectivity
expression neglects important considerations. A possibility for what is neglected in this
analysis is discussed in the following section.
3. NiZn (101) is predicted to be three orders of magnitude more selective than Ni (111)
under typical operating conditions.
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Selectivity

1.000E+05
1.000E+04

Selectivity Under
Assumption #2

1.000E+03

Selectivity Under
Assumption #3

1.000E+02
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Complete Expression

1.000E+01
1.000E+00
Ni (111)

NiZn (101)

Figure 11: Calculated selectivities of NiZn and Ni
(molecules of acetylene hydrogenated / molecules of ethane produced)
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As shown in Figure 11 and in Appendix B, assumptions 2 and 3 are effectively
equivalent. This is because

for both Ni and NiZn, yielding a fifth simplified case:
[

]
[

[

]

]

This means that the relative values of the adsorption energy of ethylene and the activation barrier
to adding the first hydrogen to ethylene determine the overall selectivity of the catalyst.
Accordingly, if the activation barrier were to be smaller than the adsorption energy, the selectivity
would fall below 1.
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Conclusion and Future Work
The hydrogenation of acetylene over Ni (111) and NiZn (101) surfaces was studied using
density functional theory and Langmuir-Hinshelwood kinetics. The kinetic analysis of the DFT
results predicted both Ni (111) and NiZn (101) to be selective toward ethylene in this reaction
under excess ethylene and showed that the determining relationship in this selectivity is the
energy difference between desorption of ethylene and the barrier to adding the first hydrogen.
The NiZn (101) surface is predicted to be orders of magnitude more selective than the Ni (111)
surface, though this difference may not be practically significant given the already high
selectivity predicted for the Ni(111) surface.
As Ni is an inexpensive metal that would surely be used currently were the selectivity as
described above realized experimentally, this analysis surely neglected important components of
selective acetylene hydrogenation.

Another competing process during the selective

hydrogenation reaction may be the formation of higher-order hydrocarbons through
oligomerization, a process which was not considered in this study. Ongoing research in the Rioux
laboratory indicates that the hydrogenation of acetylene-ethylene streams over nickel produces
much more of these higher-order hydrocarbons than the same reaction over nickel-zinc.
Formation of higher hydrocarbons would lead to species that remain on the catalyst surface,
deactivating the catalyst due to site blockage. Future DFT analysis should explore the kinetics of
this oligomerization, and redefine the selectivity considerations for catalyst design to examine the
selectivity of acetylene hydrogenation with respect to both ethane and large hydrocarbon
production.
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Appendix A: Tabulated Energies

Table 1: ZPVE Corrected Energy (eV) of Gas-Phase Molecules

H2
-6.53
C2H2 22.32
C2H4 30.70
C2H6 38.51

Table 2: ZPVE Corrected Energy (eV) of Adsorbed Species

Species
Bare Surface
H
C2H2
C2H2+H
C2H2=>C2H3
C2H3
C2H3+H
C2H3=>C2H4
C2H4
C2H4+H
C2H4=>C2H5
C2H5
C2H5+H
C2H5=>C2H6
C2H6

Ni (111)
NiZn (101)
-241.79
-153.60
-245.51
-157.20
-266.48
-177.15
-270.14
-180.97
-269.08
-180.08
-269.51
-180.85
-273.20
-184.58
-272.72
-184.12
-273.03
-184.70
-276.85
-188.46
-276.09
-187.60
-276.45
-187.98
-280.00
-191.60
-279.77
-191.10
-280.46
-192.10

These energies represent raw values taken from the VASP code. Their absolute values are not
significant; however, they may be used to calculate reaction energies by comparing the energies
of species.
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Table 3: Energy (eV) of All States Normalized to C2H2 + 2H2 + Bare Surface (*)

C2H2+2H2+*
C2H2*+2H2
[C2H2*+H*]+3/2H2
[TS_C2H2*+H*=>C2H3*]+3/2H2
C2H3*+3/2H2
[C2H3*+H*]+H2
[TS_C2H3+H*=>C2H4*]+H2
C2H4*+H2
[C2H4*+H*]+1/2H2
[TS_C2H4*+H*=>C2H5*]+1/2H2
C2H5*+1/2H2
[C2H5*+H*]
[TS_C2H5*+H*=>C2H6*]
C2H6*
C2H6+*

Ni (111)
NiZn(101)
0.00
0.00
-2.38
-1.23
-2.77
-1.79
-1.71
-0.90
-2.14
-1.67
-2.57
-2.13
-2.08
-1.67
-2.40
-2.25
-2.95
-2.74
-2.24
-1.89
-2.55
-2.27
-2.83
-2.62
-2.60
-2.12
-3.29
-3.12
-3.13
-3.13
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Appendix B: Values Used for Selectivity Calculations
Table 4: All values used for calculations as defined on pages 6-8.

P_C2H2
P_C2H4
C2H2=>C2H3
C2H4=>C2H5
C2H2
C2H4
R
T
B
h
s
m
k_ads
k_1
k_2
K_A
K_B
k_des
Selectivity under #2
Selectivity under #3
Complete expression

Ni (111)
NiZn (101)
Units
0.020
0.020 atm
0.980
0.980 atm
1.057
0.885 eV
0.754
0.858 eV
-2.379
-1.230 eV
-0.544
-0.394 eV
8.620E-05
8.620E-05 eV/(atom K)
433
433 K
8.611E-05
8.611E-05 eV/K
4.136E-15
4.136E-15 eV s
0.1
0.1
4.651E-26
4.651E-26 kg
9.580E+07
9.580E+07 molecules cm-2 s-1 Pa-1
4.477E+00
4.583E+02 s-1
1.512E+04
9.429E+02 s-1
4.782E+27
2.039E+14
2.133E+06
3.856E+04
4.227E+06
2.338E+08 molecules cm-2 s-1 Pa-1
2.796E+02
2.480E+05
2.806E+02
2.480E+05
2.806E+02
2.480E+05
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Appendix C: Optimized Structures of Surface Intermediates and
Transition States
Table 5: Visualization of the hydrogenation of acetylene over Ni (111).
Each step shows the addition of one hydrogen.

Step
1

2

3

4

Initial

Transition

Final
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Table 6: Visualization of the hydrogenation of acetylene over NiZn (101).
Each step shows the addition of one hydrogen.

Step
1

2

3

4

Initial

Transition

Final
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Research Experience
Research Assistant; Penn State University, University Park
Summer 2011-Present
Department of Chemical Engineering
Professors Michael Janik and Robert Rioux
Analysis of Intermetallic Catalysts for Selective Hydrogenation
 Used DFT calculations in VASP 5.2 to model the catalytic hydrogenation of acetylene
and crotonaldehyde over Ni and NiZn surfaces
 Performed calculations of reaction kinetics based on computational data
 Presented research in the Penn State 2011 REU research symposium
 Presented research at AICHE 2012 National Conference
Technical Intern; 3M
Summer 2012
Corporate Research Process Laboratory
Joel Getschel, Mark Strobel, Seth Kirk
Characterization of Atmospheric Pressure Plasma Systems for 3D Surface Modification
 Characterized treatment variables for two plasma systems
 Optimized use of these systems for two 3M product applications
Research Assistant; Penn State University, Behrend
Summer 2010-Winter 2010
Department of Chemistry
Professor Jay Amicangelo
Characterization of Silicon Nitride Intermediates Using Matrix Isolation Spectroscopy
 Used pyrolysis and microwave discharge to generate reactive species under high
vacuum which were then trapped in solid N2 matrices
 Characterized trapped species with infrared spectroscopy techniques
 Constructed a pyrolysis source for the lab’s matrix isolation equipment

Research Interests
I am interested in computational and experimental analysis of the next generation of
heterogeneous catalysts. Specifically, I would like to continue to study the use of selective
catalysts to replace traditional syntheses with efficient and novel catalytic approaches.

Professional Presentations
Jacob Held; Subhra Jana; Charles Spanjers; Michael Janik; Robert Rioux. Mechanistic Analysis
of the Selective Hydrogenation of Acetylene Over NiZn. Presented in Computational Catalysis
Session at the 2012 AIChE Annual Meeting, Pittsburgh, PA, October 29, 2012; Paper #261286
Charles Spanjers; Jacob Held; Subhra Jana; Michael Janik; Robert Rioux. Ni-Based Bimetallic
Catalysts for Acetylene Semi-Hydrogenation. Presented in Rational Catalyst Design Session by
Spanjers at the 2012 AIChE Annual Meeting, Pittsburgh, PA, November 1, 2012; Paper #281161
Jacob Held; Subhra Jana; Michael Janik; Robert Rioux. Bimetallic NiZn as a Selective
Hydrogenation Catalyst. Presented at The Pennsylvania State University REU Research
Symposium, University Park, PA, August 4, 2011.

