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ABSTRACT
An important reaction in the industrial production of polyethylene is the removal of
acetylene impurities from concentrated ethylene streams by catalytic hydrogenation. This
reaction is currently conducted over palladium-based catalysts, with the most common being
palladium-silver alloys. However, the palladium needed for industrial reactors is quite expensive.
There has been recent interest in using earth-abundant metals to develop cheaper bimetallic
catalysts that are active and selective toward ethylene production. Nickel-gallium compounds
were selected as the catalysts of interest in this study. The catalysts were synthesized by
annealing bulk nickel and gallium at varying molar ratios and grinding the resulting ingots into
powders. Characterization of the catalysts was performed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). A batch
reactor system was used to hydrogenate 13C acetylene, and the reaction pathways were monitored
with gas chromatography-mass spectrometry. The results of this study show that increasing
gallium content increases selectivity toward ethylene production but decreases overall activity.
Further studies will need to be conducted to determine whether nickel is the proper active metal
for this reaction and whether a different bimetallic compound could provide higher absolute
ethylene selectivity.
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Chapter 1
Introduction
Ethylene is an important component in the industrial production of polyethylene and
other commercial chemicals.1 Its use has only increased after the recent shale gas boom
throughout the United States.1 Ethylene is commonly produced through thermal cracking and
steam cracking.2-6 One impurity, acetylene, typically makes up 2% of ethylene streams produced
through these methods.2 While this concentration of acetylene may seem like a small amount, it
is enough to harm the polymerization catalysts during polyethylene production.2-6 Partial
hydrogenation of acetylene to ethylene by palladium-based catalysts is the method currently used
to reduce acetylene to acceptable amounts.2-6 Palladium is quite expensive; therefore, finding an
alternative catalyst would be greatly beneficial to the commodity chemicals industry.3, 6
The purpose of the partial acetylene hydrogenation reaction is to convert unwanted
acetylene into useful ethylene. Unfortunately, ethylene can be further hydrogenated to ethane
under the necessary reaction conditions.2-6 One way to make hydrogenation catalysts more
selective toward ethylene production is to mix another transition metal with the palladium during
catalyst synthesis.2-6 Transition metals that have already shown good results with palladium
include cobalt, silver, copper, and chromium.2 Studt et al. investigated the Pd-Ag system, which
is often used industrially, and found that these catalysts were more selective than pure Pd.3 Their
data indicated that this is because the addition of Ag increased both the energy required for
ethylene to adsorb to the catalyst surface and the energy needed to hydrogenate ethylene.3
Osswald et al. believed that silver's beneficial effect could also be attributed to the dilution of
palladium active sites on the catalyst surface.4-6 On the other hand, there are other factors, such
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as activity, lack of coking, and price, that make a catalyst practical.3 The ideal catalyst would
have a maximum of beneficial properties and a minimum of harmful ones.
There are many combinations of transition metals that can carry out partial acetylene
hydrogenation.2-6 In addition to Pd-Ag, Studt et al. suggested that Ni-Zn catalysts would be
selective toward ethylene production.3 Ni-Zn catalysts would be about 120 times cheaper than
Pd-Ag compounds if they proved to be practical industrially.3 Our group in the Rioux lab was
able to study the Ni-Zn system, and we found that increasing Zn content improved selectivity
toward ethylene production at a great cost to catalyst activity.6 Osswald et al. observed that PdGa catalysts were also selective toward ethylene production.5 They attributed this success to the
"active-site isolation" provided by the intermetallic structures of their compounds.5 (Intermetallic
compounds have uniform crystal structures.4, 5) In the crystal structures of the catalysts they
studied, Pd atoms were surrounded by Ga atoms.4 The isolation of Pd could not have been
guaranteed in alloy compounds, which exhibit random placement of atoms in the crystal
structure.4 The findings of Studt et al., the Rioux group, and Osswald et al. are immensely useful
for expanding knowledge on the catalytic system for partial acetylene hydrogenation.
This work strives to build upon the work of Studt et al., the Rioux group, and Osswald et
al. The compounds of interest were made from nickel and gallium, thereby combining an active
metal cheaper than palladium with a potentially beneficial additive. Intermetallic compounds
were sought after so that a meaningful relationship could be drawn from catalyst structure and
catalytic performance (activity/selectivity). Ni-Ga compounds were studied in terms of synthesis,
characterization, and catalysis to determine whether they could be worthwhile replacements for
the Pd-Ag system.
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Chapter 2
Experimental Methods

Synthesis
Nickel powder (Sigma Aldrich, <150 µm particle diameter, 99.999% purity) and gallium
metal (Alfa Aesar, 99.99% purity) were weighed, mixed thoroughly, and combined in an alumina
crucible (Alfa Aesar, Al-23). The masses of each metal were chosen based on the atomic
composition of the target compound. The actual masses of nickel and gallium used are given in
Table 1.
Table 1: Masses of Ni and Ga used in catalyst synthesis.
Target
Compound

a

Ni3Ga
Ni5Ga3a
NiGaa
Ni2Ga3
Ni3Ga7a

Desired Mole
Fraction of
Nickel
0.750
0.625
0.500
0.400
0.300

Mass of
Nickel (g)

Mass of
Gallium (g)

1.3141
1.2377
0.9820
0.5750
0.6907

0.5209
0.8828
1.1639
1.0251
1.9173

Actual Mole
Fraction of
Nickel
0.7498
0.6249
0.5006
0.3999
0.2997

Catalysts synthesized by Donavin Stanley.

Specialized quartz tubes were produced for the annealing process. This was done by
measuring the internal height of the Lindberg box furnace to be used and cutting hollow tubes (12
mm outer diameter) to slightly larger than four times that length. The center point along the
length of these tubes was then exposed to a methane-oxygen flame at ~2000 °C. As the heated
section melted, the two halves of the tube were slowly pulled apart. This caused the melted
section to cave-in on itself, yielding two quartz tubes that were each sealed at one end. The
sealed ends were further exposed to the flame to give a relatively flat surface that a crucible could
rest on without spilling its contents. Finally, the center points along the lengths of the new tubes
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were exposed to the flame while pulling on both ends to create an hourglass shape. Crucibles
could fit through the tubes' constrictions, but solid quartz plugs could not. A photograph of a
finished tube is provided in Figure 1.

Figure 1: Photograph of a quartz tube used for the annealing procedure. The hourglass
shape is visible near the left side of the image. This tube was sealed on the right side with a
piece of another tube.

Up to four crucibles at a time were lowered into the fabricated quartz tubes with a
flexible four-claw gripping tool, followed by a quartz plug. Each filled tube was held upright and
pumped down to a pressure of ~30 mTorr. Once the pressure stabilized, the methane-oxygen
flame was applied to the tube at the plug's location. The vacuum caused the melting quartz to
pull inward, fusing the tube wall to the plug and sealing the crucible chamber. The tube section
above the seal was then removed to allow the tubes to fit in the furnace.
Sealed quartz tubes were placed in a Lindberg box furnace for the annealing process.
The crucibles were brought to a temperature of 1000 °C over a period of 1 h and held there for 24
h. The system was next cooled over a 4 h period to 600 °C and held at that temperature for
another 24 h. Finally, the furnace was given 8 h to bring the crucibles back to room temperature.
The tubes were cut open in a glove box filled with argon. Catalyst ingots were removed
from their crucibles and placed in a stainless steel ball-milling container (SPEX mixer/mill, 8001
sample container, 4 stainless steel balls with 1/2" diameters). Additionally, the milling container
was filled with 1 mL of 1,1,1,2,2,3,4,5,5,5-decafluoropentane (Vertrel XF, DuPont) per gram of
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sample. The milling container was sealed in the glove box, and the samples were milled for 4 h.
The resulting powders were stored in 20-mL scintillation vials in the glove box for later use.

X-Ray Diffraction
Approximately 100 mg of each catalyst were taken out of the glove box for powder X-ray
diffraction (XRD) analysis. The samples were loaded into a silicon zero background holder, and
a glass slide was used to level the surface of the Ni-Ga sample. The instrument used was a
PANalytical Empyrean X-ray diffractometer with Cu Kα (λ = 1.5418 Å) radiation, and the
diffractometer radius was 240 mm. A PIXcel detector set to scanning line mode (1D) detection
was used to record the measurements. The initial X-ray beam passed through optics with a 1/2°
antiscatter slit, a 10-mm beam mask, a 1/4° fixed divergence slit, and 0.04 rad soller slits. The
optics through which the diffracted beams passed had 0.04 rad soller slits, a Ni beta-filter, and a
1/4° antiscatter slit. Data points were collected from 39 – 46° 2θ with a 0.025° 2θ step size.
Characteristics of the compounds' unit cells were found through Rietveld refinement utilizing the
software program Jade (version 2.2.0 2010 Materials Data Incorporated). Jade was set up with a
5th-order polynomial background function and default peak shape parameters.

Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy
Scanning electron microscopy (SEM) was performed using an FEI Nova NanoSEM 630.
The samples used were either the same ones used for XRD analysis or new samples removed
from the glove box. Catalyst powders were dispersed in isopropanol and dropped onto silicon
wafers. The isopropanol was then allowed to evaporate under ambient conditions.
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Images were taken of different particle distributions at 1,000×, 30,000×, and 100,000×
magnifications at variable working distances (1.5 – 4.4 mm). An Everhart-Thornley detector
(ETD) was used to obtain images. The accelerating voltage was set to 3.00 kV for NiGa. To
obtain clearer images at 30,000× and 100,000× magnifications, an immersion lens was also used.
In addition, beam deceleration was used to obtain images for NiGa and Ni2Ga3 samples. A
Through-the-Lens detector (TLD) was used for this analysis. The accelerating voltage was set to
5.00 kV, and the landing electron voltage was set to 1.00 kV.
Energy dispersive X-ray spectroscopy (EDS) was conducted in conjunction with SEM.
The working distance was set to 5 mm. Spectra were taken at specific points and over larger
areas within each sample.

Hydrogenation Reactions
To conduct hydrogenation reactions, a quartz tube (1/2" outer diameter) was cut to match
the length allowed in the reactor. The center of this tube was heated with the methane/oxygen
flame, and an Allen wrench was inserted into the molten quartz to create an indentation. This
indentation was used as a port for a thermocouple so that the tip of the thermocouple would be in
the center of the catalyst bed. Catalysts were loaded in the reaction tube in the argon-filled glove
box, and quartz wool was used to hold the catalysts in place. The amounts of catalysts needed
were calculated based on the masses required for the reaction to run to completion in ~150 min.
Actual masses of each catalyst were 0.1512 g Ni5Ga3 and 1.0036 g NiGa. Before removing the
tube from the glove box, both sides were sealed with Parafilm.
The batch reactor used had a total volume of 33 mL. The circuit included a three-way
valve to insert reactants, a three-way valve connected to a vacuum pump to evacuate the reactor,
and a sample port sealed with a septum. A thermocouple was placed in the previously mentioned
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port, and quartz insulation was wrapped around the reactor tube to secure the thermocouple and
insulate the catalyst bed. Also, the reactor tube was surrounded by an electric heater and had a
constant supply of cooling air for temperature control. Swagelok Ultra Torr fittings were used to
secure the reactor tube to the complete re-circulation system. Once the tube was in position, the
system pressure was reduced to ~120 mTorr, as measured by a Varian 531 pressure gauge. This
pressure gauge contained a Pd-Au filament that could act as an effective catalyst for
hydrogenation, so it was separated from the reactor system with a ball valve once the minimum
system pressure was achieved. The reactor was filled through needle valves with 13C acetylene
(Sigma-Aldrich), 10% hydrogen in helium, and 10% ethylene in helium, in that order, to total
pressures of ~2.5 Torr, 267 Torr, and 800 Torr. A reactor above atmospheric pressure was
chosen to prevent contamination from air in the laboratory. The flow of gases into the reactor
was controlled by opening and closing the reactant three-way valve.
Reactants were circulated through the reactor system with a diaphragm circulation pump.
There was no way to explicitly measure the gas flow rate, so the capacity of the pump was
adjusted based on the position of its operating dial. As a result, there may have been some
variability in the flow rate. The flow rate ranged from 50 – 100 mL/min, which corresponded to
the reactor's contents passing through the catalyst bed at least 50 times per minute.
A 50-mL gas-tight syringe (Hamilton) was used to remove samples from the reactor. The
needle of the syringe was inserted into the septum of the sample port, and the syringe was purged
twice with gas from the reactor. Once this was done, the actual sample was taken.
The composition of each sample was analyzed with a Shimadzu GCMS-QP2010 Ultra
gas chromatograph-mass spectrometer (GC-MS). The sample mixture was first separated into its
individual components by the GC. The GC held the gas sample at 60 °C for 2 min, after which it
increased the temperature by 10 °C/min to a final temperature of 180 °C. The gas mixture was
passed through an alumina capillary column (Rt®-Alumina BOND/KCl, 30 m length, 0.25 mm
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inner diameter). Total run time for the GC was 14 min. Compounds eluted from the GC column
in the following order: ethane, ethylene, propane, propylene, acetylene, isobutane, butane, trans2-butene, 1-butene, isobutylene, cis-2-butene, and 1,3-butadiene. Note that samples may not have
contained every compound. Each component of the sample was eluted to the MS, which detected
ion fragments with mass-to-charge ratios between 12 – 100 every 80 ms. The number of all
fragments for a particular component was known as the total ion count (TIC). Calibration spectra
for each compound (100 ppm, SCOTTY gas calibration standard) were subtracted from the TIC
to allow different peaks to be compared to each other. The MS peak areas for 13C ethylene and
13

C ethane were calculated by fitting their respective ionization peaks to linear combinations of

the ionization spectra of their 12C and 13C counterparts. Finally, mole fractions of each
component were calculated by dividing the area of each GC peak by the combined peak areas for
12

C ethylene and 12C ethane. These peaks were chosen as the normalization standard because 12C

ethylene could not be formed during the reaction, and 12C ethane was the only reaction product of
12

C ethylene. Therefore, the relative sum of those peak areas was constant for each injection.
After the diaphragm circulation pump was turned on, at least three samples were taken at

room temperature to ensure that the reactant gases were well-mixed. The reaction was deemed
ready to begin once the value of the acetylene mole fraction stabilized, usually at a value of
~0.05. At this point, the reactor was heated to 160 °C over approximately a 10 min time period
and held there. Samples were taken every 15 – 20 min, and the time at which each sample was
taken was recorded. Samples were taken until the mole fraction of acetylene dropped to 0.
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Chapter 3
Results

Synthesis Results
Compositions for each catalyst were chosen based on the Ni-Ga phase diagram, given in
Figure 2. This diagram illustrates the structural behavior of Ni-Ga compounds as a function of
temperature and atomic or weight percentage of nickel. The region above the uppermost line
represents a liquid phase, and everything below that line is a solid. Within the solid region,
compounds exhibit different crystal structures, depending on which structure is most stable at a
particular composition and temperature.
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Figure 2: Ni-Ga phase diagram, as presented by H. Okamoto.7

During synthesis, the goal was to obtain structurally (phase) pure compounds with
varying Ni-Ga compositions. The initial heating temperature of 1000 °C was set to allow the
nickel and gallium to melt and mix by diffusion in the crucibles, whereas the annealing
temperature of 600 °C was the temperature at which the atoms could arrange themselves into
their thermodynamically preferred structure. At 600 °C, Ni3Ga (75 atomic % Ni) lies within the
α' phase, Ni5Ga3 (62.5 atomic % Ni) falls on the edge of the δ phase, NiGa (50 atomic % Ni) is a
member of the β phase, Ni2Ga3 (40 atomic % Ni) is on a line composition, and Ni3Ga7 (30 atomic
% Ni) lies on a different line composition. It is not believed that the cooling process affected the
compounds' structures because the temperature change was fast compared to the annealing
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process, and the temperatures present were too low to give the Ni and Ga atoms enough energy to
change position.

Figure 3: Photographs of Ni-Ga catalysts after annealing.

Photographs of the annealed Ni-Ga catalysts are provided in Figure 3. The catalysts had
a uniform color, with no signs of separate nickel or gallium particles. Also, the catalyst ingots
expanded during the annealing process, as indicated by the broken crucibles. These facts show
that nickel and gallium were able to mix together. However, they do not give any indication as to
whether the desired phases were achieved.

X-Ray Diffraction Data
To determine the crystal structures of the Ni-Ga catalysts, powder X-ray diffraction
(XRD) data was collected. The diffraction patterns are given in Figure 4, along with the
diffraction pattern of pure nickel for comparison. One notable feature of the diffraction patterns
for the Ni-Ga compounds is the broadening of the peaks about their Bragg peaks. According to
Langford and Louër, this broadening is caused by structural imperfections in the powder
(different crystal sizes, surface flaws, etc.) or by a shifting of the crystal lattice due to strain or a
composition change.8 It is impossible to distinguish which flaw is responsible for the broadening
from the diffraction patterns alone.8
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Figure 4: Powder X-ray diffraction data for pure Ni and Ni-Ga compounds. Diffraction
patterns obtained by Charles Spanjers.
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Lattice parameters, which give the dimensions of the unit cell, were obtained via Rietveld
refinement using the Jade software program. The experimental diffraction patterns were also
compared with database patterns found in Jade. The database patterns provided the lattice type,
space group, and Pearson symbol for each compound. A space group provides a crystal's
centering type in the first letter and the crystal's symmetry directions in the subsequent
characters.9 A Pearson symbol consists of two letters and a number.10 The first lowercase letter
gives the type of lattice, the second uppercase letter provides the centering type, and the number
indicates the number of atoms in the unit cell.10 Both space groups and Pearson symbols use the
same uppercase letter notation.9, 10 A summary of the letters and their meanings is given in Table
2.
Table 2: Notation for space groups and Pearson symbols.
Lowercase Letter10
a
m
o
t
h
c

Meaning10
Anorthic
Monoclinic
Orthorhombic
Tetragonal
Hexagonal or
Rhombohedral
Cubic

Uppercase Letter9
P
C
A
B

Meaning9
Primitive
C-Face Centered
A-Face Centered
B-Face Centered

I

Body Centered

F

All-Face Centered
Rhombohedrically
Centered or Primitive
Hexagonally Centered

R
H

The information from the database diffraction patterns was combined with the lattice
parameters obtained through Rietveld refinement to form a complete crystal structure for each
compound. Pure Ni (JCPDS card 97-016-2279) has a face-centered cubic lattice with a space
group of Fm-3m and four atoms in the unit cell. The lattice parameter is by 3.524 Å.6 Ni3Ga
(JCPDS card 04-004-4488) has a face-centered cubic lattice structure with Ni atoms on the faces
and Ga atoms on the corners. The Ni3Ga unit cell has side lengths of 3.590 Å and a space group
of Pm-3m. The diffraction pattern for Ni5Ga3 shows peaks from Ni5Ga3, Ni3Ga, and NiGa,
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indicating that this compound contains a mixture of phases. According to Rietveld refinement,
the composition is 36.3 weight % Ni5Ga3, 10.0 weight % Ni3Ga, and 53.7 weight % NiGa. The
database pattern (JCPDS card 00-043-1376) shows that Ni5Ga3 should form an orthorhombic
lattice with a space group of Cmmm and 16 atoms in the unit cell. NiGa (JCPDS card 04-0046764) gives a body-centered cubic lattice. Unit cells have Ni in the center and Ga on the corners,
and the each side of the unit cell is 2.864 Å long. The space group for NiGa is Pm-3m. Ni2Ga3
has a diffraction pattern that is almost identical to that of NiGa. The lattice parameter was found
to be 2.857 Å, which is close to the calculated lattice parameter of NiGa. The database structure
(JCPDS card 00-007-0161) gives a hexagonal lattice with a space group of P-3m1, 5 atoms per
unit cell, and lattice parameters of 4.030 Å, 4.030 Å, and 4.930 Å. The differences between the
actual and database structures indicate that some NiGa may have mistakenly been labeled as
Ni2Ga3 when X-ray diffraction was conducted. The correct diffraction pattern for Ni2Ga3 has not
been collected for this study. Finally, the diffraction pattern for Ni3Ga7 (JCPDS card 01-0734714) gives a body-centered cubic lattice with side lengths of 8.448 Å. The space group is Im3m, and there are 40 atoms in the unit cell. Rietveld refinement indicated that the Ni3Ga7 sample
contained a mixture of Ni3Ga7 (74.7 weight %) and Ni2Ga3 (25.3 weight %) phases. Structural
data for all compounds are summarized in Table 3.
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Table 3: Structural information from X-ray diffraction data.
Database
Lattice
Parameter(s)
(Å)

Calculated Lattice
Parameter(s) (Å)a

Compound

Space Group

Pearson
Symbol

Ni

Fm-3m

cF4

a = 3.519

a = 3.5246

Ni3Ga

Pm-3m

cP4

a = 3.582

a = 3.590

Ni5Ga3

Cmmm

oC16

a = 7.530
b = 6.720
c = 3.770

Mixtureb

NiGa

Pm-3m

cP2

a = 2.893

a = 2.864

Ni2Ga3

P-3m1

hP5

a = b = 4.030
c = 4.930

a = 2.857c

Ni3Ga7

Im-3m

cI40

a = 8.450

Mixtureb

a

Lattice parameters were obtained through Rietveld refinement.
Phase mixtures showed different lattice parameters for each phase. These are not given due to potential lack of
accuracy in the calculation.
c
NiGa was possibly analyzed instead of Ni2Ga3.
b

Ni3Ga and NiGa were phase pure, but Ni5Ga3 and Ni3Ga7 contained mixtures of phases.
These mixtures could have been caused by localized rearrangement of the Ni and Ga atoms
during either the annealing or the milling processes. More characterization is needed to
determine the efficacy of the synthesis procedure.

Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy Results
Scanning Electron Microscopy (SEM) images are given for NiGa and Ni2Ga3 in Figures 5
and 6 respectively. Note that accelerating voltage, landing voltage, magnification, working
distance, beam current, and detector type are given below each image. An immersion lens was
used to obtain images at magnifications greater than or equal to 30,000×.
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Figure 5: SEM images for NiGa at 1,000× (top left), 30,000× (top right), and 100,000×
(bottom left) magnifications. Beam deceleration was used to obtain the images at 30,000×
and 100,000× magnifications.
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Figure 6: SEM images for Ni2Ga3 at 1,000× (left) and 30,000× (right) magnifications. Beam
deceleration was used to obtain both images.

The images at 1,000× magnification show that NiGa and Ni2Ga3 have a distribution of
particle sizes. In addition, the other images demonstrate that each particle has its own
morphology. The variability between particles explains the broadening of the XRD peaks
mentioned earlier. Inconsistency in the particles' physical properties could be due to the
imprecise nature of the milling process, in which the stainless steel balls randomly break the
catalyst ingots into powders. However, all particles are below 100 µm in size, indicating that
there is ample surface area for catalytic reactions to be conducted.
Energy dispersive X-ray spectroscopy (EDS) was conducted within the scanning electron
microscope for Ni5Ga3 and NiGa. This method was used to determine the atomic compositions of
the catalysts. Spectra were collected from multiple points on the samples, and these compositions
were averaged to give an overall composition. The composition data is provided in Table 4.
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Table 4: Local and bulk atomic compositions determined from EDS.
Compound
Ni5Ga3
NiGa

Goal Atomic % Ni
62.5
50

Local Atomic % Ni
15.87 – 73.28
20.01 – 64.37

Bulk Atomic % Ni
58.92
47.19

There are great differences between the local and bulk compositions. The variability in
the local compositions is likely due to the non-uniformity between particles observed in the SEM
images. X-rays emitted by the particles pass through different environments, depending on where
in the sample a spectrum is taken. Therefore, each point may have varying amounts of signals
that cannot reach the detector. The errors in the local compositions contribute to the differences
between the bulk and goal compositions. Therefore, it is not possible to accurately determine the
compositions of each catalyst through EDS. To avoid errors in future measurements, samples
should consist of strongly similar particles with uniform size distribution.

Reaction Data
Catalytic hydrogenation reactions were conducted in a batch reactor containing 13C
acetylene, ethylene, hydrogen, and helium (a carrier gas). These gases were circulated through a
quartz reactor tube containing a specific amount of catalyst at a flowrate of about 50-100 mL/min.
Masses of catalysts in the reactor tube were selected based on the amount predicted to give a
reaction time of ~150 minutes. This allowed results from different catalysts to be directly
compared. The catalyst bed was heated to 160 °C with an electric heater, and samples of the
reacting gases were taken every 15-20 minutes. The compositions of these samples were
determined with gas chromatography-mass spectrometry (GC-MS). These techniques yielded
information regarding the concentrations of particular components present in the reactor,
acetylene conversion, selectivity toward ethylene production, and the formation of unwanted byproducts. These data were then used to evaluate the performance of each catalyst.
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Catalytic data were collected for Ni, Ni5Ga3, and NiGa. (Experimental data for Ni was
collected by Charles Spanjers.) The reaction data for Ni3Ga cannot be directly compared with
other data because the initial concentration of acetylene was much lower, and the hydrogenation
reaction was not run to completion. No reactions were observed for Ni2Ga3 or Ni3Ga7 at the
masses tested. As the amount of gallium in the catalysts increased, the amount of catalyst needed
for the reaction also increased. The masses of Ni2Ga3 and Ni3Ga7 necessary to conduct reactions
were larger than those available.
The amounts of acetylene, ethylene, and ethane present in the reactor are given in Figure
7. Ethylene and ethane are not the only products of acetylene hydrogenation, but they are the
most abundant. Negative time points indicate samples taken before the catalyst bed was heated to
160 °C. Reactions could not occur at these times. These points were obtained to ensure that all
gases were fully mixed in the reactor. Time 0 represents the time when 160 °C was reached, and
partial pressures at Time 0 represent averages of the partial pressures at the negative time points.
For all three catalysts, 13C ethylene is the primary product formed during 13C acetylene
consumption. Ethane production remains low until almost all the acetylene has reacted. The
partial pressure of ethane begins to increase more rapidly at that time. These facts indicate that
acetylene preferentially binds to a catalyst surface over ethylene. Once ethylene is formed, it is
more likely to desorb than to continue reacting. On the other hand, more active sites become
available to ethylene as the acetylene concentration drops. Finally, 12C ethane is produced
preferentially over 13C ethane because there is a much larger amount of 12C ethylene present.
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Figure 7: Progress of partial acetylene hydrogenation for 25 mg Ni, 151.2 mg Ni5Ga3, and
1.0036 g NiGa.
Selectivity toward 13C ethylene production for each catalyst is given in Figure 8.
Selectivity is a measure of how much of a particular product is produced compared to unwanted
by-products. In this study, ethylene selectivity is defined as the partial pressure of 13C ethylene
minus the partial pressure of 12C ethane; all divided by the partial pressure of acetylene reacted.
12

C ethane acts as a measure of how much ethylene reacted. 13C ethylene selectivity is plotted

against fractional acetylene conversion, which is equal to the partial pressure of acetylene reacted
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divided by the partial pressure of acetylene at Time 0. Figure 8 demonstrates that selectivity
toward 13C ethylene production increases as the amount of gallium increases. The decrease in
selectivity at higher acetylene conversions indicates an increase in by-product formation since the
partial pressures of 13C ethylene in Figure 7 never drop significantly.

Figure 8: 13C ethylene selectivity as a function of acetylene conversion.
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Figure 9 shows the production of C ethylene as a function of acetylene conversion.
Gallium again plays a role in the results; catalysts with more gallium produce more ethylene at a
faster rate. Furthermore, the differences in ethylene production for different catalysts become
more apparent as the reaction proceeds. NiGa experiences the greatest increase in ethylene
production rate. These trends partly explain why NiGa and Ni5Ga3 have higher 13C ethylene
selectivities than pure Ni.

Figure 9: 13C ethylene mole fraction as a function of acetylene conversion.
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Under reaction conditions, adsorbed acetylene molecules have the potential to
oligomerize to form larger molecules. The mole fractions of these oligomers as functions of
acetylene conversion are given in Figure 10. Oligomer production increases for all three catalysts
as acetylene conversion increases. NiGa produces the fewest oligomers, but Ni5Ga3 performs
similarly to pure Ni. Also, the increases in production rate, visible in the slopes in Figure 10, are
quite close. Therefore, the addition of gallium reduces the amounts of oligomers formed, but this
effect is not as sensitive to gallium concentration as 13C ethylene formation.

Figure 10: Oligomer mole fraction as a function of acetylene conversion.
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Chapter 4
Discussion
The purpose of the synthesis procedure was to create small, phase-pure catalyst particles.
Unfortunately, this procedure was not entirely successful. X-ray diffraction (XRD) patterns from
the catalysts show that only Ni3Ga and NiGa were phase-pure. Furthermore, scanning electron
microscopy (SEM) images showed that small particles were created, but there was a wide
distribution of particle sizes and morphologies. The variability between the particles contributed
to error in composition analysis through energy-dispersive X-ray spectroscopy (EDS). The
random nature of the milling procedure contributed to the non-uniformity of the particles. The
lack of phase purity may be due to phase rearrangement during the annealing and/or milling
processes. A lack of phase purity may have negatively impacted the catalytic activity of Ni5Ga3
and the catalysts that were not able to produce reactions. Some success was obtained from the
synthesis procedure, as seen by the small particles and phase purities of Ni3Ga and NiGa, but this
procedure should be re-evaluated in the future if more well-formed catalyst particles are desired.
The increased selectivity of Ni-Ga catalysts can be attributed to dilution of the Ni by Ga
on the catalyst surface. As the Ni atoms become more separated, it becomes more difficult to
form carbon-carbon bonds between neighboring C2 molecules. Therefore, hydrogenation
becomes more favorable than oligomerization. Further studies will need to be conducted to
determine how Ga influences the energetics of the hydrogenation reactions in these catalysts.
While adding Ga benefits selectivity, it has a negative effect on catalytic activity. The
amounts of catalysts needed in the reactor increased from 25 mg of Ni to 151.2 mg of Ni5Ga3 to
1.0036 g of NiGa. Like the benefit to selectivity, this trend can be attributed to the dilution of Ni
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active sites on the catalyst surface. As the Ni becomes more dilute, fewer active sites are
available for acetylene molecules to bind to. The price in activity needs to be considered along
with selectivity when choosing the ideal catalyst.
The 13C ethylene selectivities of the Ni-Ga catalysts in this study can be compared to the
13

C ethylene selectivities of the Ni-Zn catalysts studied by the Rioux group. The selectivities are

calculated the same way in both cases.6 The 13C ethylene selectivities that we found are given in
Figure 11.

Figure 11: Ni-Zn 13C ethylene selectivity data collected by the Rioux group.6

Ni4Zn and NiZn are both more selective toward ethylene production than Ni5Ga3. NiGa
is more selective than those Ni-Zn compounds, but it is still beaten by Ni5Zn21. Like the Ni-Ga
system, the turnover frequencies of Ni-Zn catalysts decrease as the amount of Zn increases.6
Turnover frequencies would need to be determined for Ni-Ga catalysts to give a complete
comparison between the Ni-Zn and Ni-Ga systems. On the basis of ethylene selectivity alone,
Ni-Zn catalysts are superior to Ni-Ga catalysts for partial acetylene hydrogenation.
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Chapter 5
Conclusions
Nickel-gallium compounds were studied as possible alternatives to palladium-based
catalysts for the partial hydrogenation of acetylene to ethylene. Catalysts with varying atomic
ratios of nickel and gallium were annealed and milled in an air-free environment. X-ray
diffraction confirmed that the compounds had the desired compositions. Unfortunately, only
Ni3Ga and NiGa were phase-pure. Scanning electron microscopy showed that the milling
procedure produced particles less than 100 µm in size, but there was great variability between
individual particles in terms of size and morphology. This variability caused error in the
composition measurements conducted through energy dispersive X-ray spectroscopy. The
synthesis procedure should be revisited for future catalysts to give better results.
Reactions were run with specific masses of catalysts in a batch reactor filled with 13C
acetylene, ethylene, hydrogen, and helium. Reaction results indicated that increasing gallium in
the catalysts increased selectivity toward the production of ethylene. However, the masses of
catalysts needed to run a reaction to completion in comparable amounts of time grew much larger
as the concentration of gallium increased. Both of these effects were caused by the dilution of
nickel by gallium on the catalyst surface. When compared with the Ni-Zn catalysts analyzed by
the Rioux group, only NiGa gave a 13C ethylene selectivity in the range of the Ni-Zn catalysts.
Therefore, Zn was determined to be a superior additive over Ga.
Nickel has a strong cost advantage over palladium. However, the large activity penalty
caused by adding either gallium or zinc needs to be considered when deciding whether nickelbased catalysts should be used industrially. In addition, further studies should be conducted with
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other transition metal additives to determine whether these metals can have gallium's selectivity
gain without losing as much catalytic activity.
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