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ABSTRACT
Acetylene semi-hydrogenation reactions over Ni/ZnO catalysts of varying nickel
weight loading (0.5, 1, 2, 5, and 10 wt %) were carried out in a batch reactor system.
Catalysts were synthesized via wet impregnation technique and subsequently calcined,
reduced, and characterized via x-ray diffraction (XRD). Catalysts were characterized
after calcination and after reduction. The reduction of catalysts was performed via
temperature programmed reduction (TPR), where the reduction temperature for Ni and
was determined to be ~400oC; Ni reduction also facilitated reduction of Zn.
XRD analysis of calcined samples confirmed the formation of NiO nanoparticles
with minor Zn incorporation. Zn diffusion most likely occurs during calcination, which
will require future investigation. After reduction of calcined samples, the samples were
found to contain Ni4Zn, with higher weight loadings (5, 10 wt %) with more Ni than ZnO
in their lattice structure, tending towards a solely Ni structure.
The hydrogenation of acetylene over Ni/ZnO samples was monitored through
regular sampling of the batch reactor gas effluent from gas chromatography-mass
spectrometry (GC-MS), using isotopically-labeled acetylene as feed gas.

The gas

samples were run through a gas chromatograph paired with a mass spectrometer, from
which catalytic data was determined. Further characterization continued on 2 wt %
Ni/ZnO due to the low wt % of Ni, allowing more NiZn to form at Ni-ZnO particle
contact areas, allowing ease of X-ray absorption near edge structure (XANES) analysis.
After calcination, samples were reduced at various temperatures (400, 500, and
600oC). Despite a strong showing of selectivity, Ni/ZnO had an acetylene conversion to
ethylene of ~18% at all reduction temperatures. Ni/SiO2, a control used for comparison

to NiO without a chemically influencing support, was a more effective catalyst than
Ni/ZnO. Although more ethane was produced from reaction, Ni/SiO2 had a higher
conversion of acetylene to ethylene at ~40%. From Ni/ZnO GC-MS analysis, the carbon
balance after reaction suggests a majority of the products as oligomers, more undesired
than ethane.
The goal of the catalyst is to remove as much acetylene as possible (a poison for
polyethylene-production catalysts) to form ethylene. Ni/ZnO converts less acetylene to
ethylene and creates more oligomers than any other product. However, Ni/SiO2, despite
increased ethane production, produces ~40% ethylene and few oligomers. With proper
separation, the ethane (single molecule) from Ni/SiO2 can be more easily removed
compared to oligomer separation (multiple molecules).
Future work on the deactivation of reactive sites on Ni/ZnO particles may
elucidate the phenomenon of ZnO shell formation on NiO; additionally, XRD analysis of
calcined samples confirmed the formation of NiO nanoparticles with minor Zn
incorporation. Zn diffusion may be occurring during calcination, which will require
future investigation.
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Introduction
Steam cracking is often used to break down saturated hydrocarbons to produce
lighter and often unsaturated hydrocarbon products: one product of importance is
ethylene, the building block to polyethylene, one of world’s most common plastics1, 2.
However, the ethylene acquired via steam cracking is contaminated with acetylene,
which can poison catalysts used to synthesize polyethylene. Most ethylene customers
only accept ethylene of <2 ppm acetylene1.
In industrial settings where catalyst poisoning is significantly detrimental to a
process, replacing the catalyst is a very costly option. Currently, precious metal catalysts
such as palladium-silver catalysts (0.05 wt % Pd supported on alumina or silica, 0.15 wt
% Ag)3 are used to purify ethylene streams by selectively hydrogenating acetylene to
ethylene, essentially turning the catalyst poison into raw ethylene for polyethylene
production. The scheme4 for this phenomenon is seen in Fig. 1. However, one must take
into account the potential for undesired over-hydrogenation into ethane, which reduces
the amount of ethylene formed.

Figure 1. Reaction scheme. Desired hydrogenation produces ethylene. Dotted lines
represent forming bonds; dashed lines represent catalyst surface bonds.
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As expected, currently used precious metal components make catalysts expensive. The
discovery of a cheaper alternative catalyst with selectivity comparable to Pd-Ag catalysts
would greatly reduce the cost of ethylene purification.
From existing literature on the subject3, 4 intermetallic NiZn has been suggested as
a possible low-cost catalyst alternative. Bulk studies5 have been carried out on
intermetallic NiZn, which deem intermetallic NiZn as a poor Pd-Ag alternative.
However, a nanoscale experiment may result in more promising results.
In order to investigate the performance of nanoscale NiZn catalysts as alternatives
to Pd-Ag catalysts, NiZn intermetallic species were synthesized via wet-impregnation
method using nanoscale ZnO. The samples were calcined at 800oC, then reduced via
temperature programmed reduction (TPR), characterized via x-ray diffraction (XRD),
and analyzed for catalytic reactivity, via gas chromatography-mass spectrometry (GCMS). Reactions were carried out in a gas-phase batch reactor.
However, hydrogenation can also occur on the catalyst for compounds other than
just target acetylene. Ethylene present in the stream and ethylene formed from the
hydrogenation of acetylene will also hydrogenate to form ethane. The use of a batch
reactor setup allows the employment of isotopically-labeled acetylene

13

C2H2. This

allows for the differentiation of ethylene formed: whether it is formed from 13C acetylene
or is existing reactant
formed from

13

12

C ethylene. The same can be done for ethane: whether it is

C acetylene-derived

13

C ethylene or from reactant

12

C ethylene. Thus,

absolute ethylene selectivity can be calculated. The hydrogenation pathways are further
elucidated in Fig. 2.
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Figure 2. Hydrogenation pathways. Isotopic acetylene differentiates ethylene and ethane made
from acetylene, compared to reactant ethylene and its ethane hydrogenation product.

Selectivity to ethylene, acetylene conversion, and selectivity for other products of
reaction are key variables that we wish to observe and analyze from GC-MS analysis. We
define ethylene selectivity as the net ethylene produced per acetylene removed in reaction
(Eqn. 1).

𝐄𝐭𝐡𝐲𝐥𝐞𝐧𝐞  𝐒𝐞𝐥𝐞𝐜𝐭𝐢𝐯𝐢𝐭𝐲 =   

𝐏𝟏𝟑𝐂
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𝟐 𝐇𝟐 ,𝐭

The amount of ethylene produced from acetylene is the measured partial pressure
of

13

C ethylene. The ethane formed from reactant ethylene is the measured partial

pressure of

12

C ethane formed from reactant ethylene gas. Thus the total net amount of

ethylene produced from acetylene is the amount of
amount of

12

C ethane formed.

13

hydrogenated to

13

13

C ethylene formed minus the

C ethane has two sources:

catalyst surface, is first hydrogenated to
hydrogenated again to

13

C ethane;

13

13

13

C ethylene,

C acetylene, bound to the
and then subsequently

C acetylene, bound to the catalyst surface, is

C ethylene, desorbs from the catalyst surface, then adsorbs to the

surface again, and the 13C ethylene is hydrogenated to 13C ethane.
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This makes measuring the “source” of

13

C ethane difficult and thus Eqn 1 is a

slight underestimation. In this experiment, there is an excess of 12C ethylene compared to
the amount of 13C acetylene used, making the amount of 13C ethane incredibly small.
The amount of acetylene removed (reacted) in the denominator is the difference
between the initial and final acetylene partial pressure. In Eqn 1, P represents partial
pressure, i represents the initial time, and t represents the time of selectivity
measurement. The maximum ethylene selectivity is 1 and it is possible to have negative
ethylene selectivity (if more ethane is measured than ethylene), implying that overall
ethylene is hydrogenated to ethane via the catalyst.
We also measure acetylene conversion, defined as the amount of acetylene
reacted divided by the initial amount of acetylene, given by Eqn 2.

𝐀𝐜𝐞𝐭𝐲𝐥𝐞𝐧𝐞  𝐂𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 =   
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𝟐 𝐇𝟐 ,𝐢

                           𝟐

Lastly, selectivity for other products x (where x is the component in question) in
the reaction is given in Eqn 3. Nx represents the number of carbon atoms in x,
normalizing the data with respect to the number of carbon atoms in 13C acetylene.

𝐒𝐞𝐥𝐞𝐜𝐭𝐢𝐯𝐢𝐭𝐲  𝐨𝐟  𝐩𝐫𝐨𝐝𝐮𝐜𝐭  𝐱   =   
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𝟐 𝟐
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Samples were also reduced via TPR. Removal of oxide buildup on catalyst
samples allows more active sites to be readily available during the batch reaction. The
reducing agent hydrogen bonds with oxygen atoms on the surface and forms water vapor
at high temperatures and are thus removed from the catalyst surface, as defined in Eqn 5.

𝑵𝒊𝑰𝑰 𝑶 + 𝑯𝟐   → 𝑵𝒊𝟎 + 𝑯𝟐 𝑶                     𝟒

In the TPR experiment hydrogen consumption peaks are obtained via internal
comparison with a reference filament, thus it is possible to quantify the amount of H2
absorbed versus temperature.
XRD characterization was performed on samples prior and following reduction
and reaction. X-rays emitted from a copper source (Cu Kα, 1.5418 Å) are fired at the
samples, causing the X-rays to diffract from the sample to create a diffraction pattern
when the Bragg condition is met. As the angle of X-rays change (via the XRD apparatus)
relative to the sample plane, different peaks of varying intensity are measured.
Diffraction is governed by Bragg’s Law, Eqn. 5.

𝐧 ∗ 𝛌 = 𝟐 ∗ 𝐝 ∗ 𝐬𝐢𝐧  (𝛉)                     𝟓

In Bragg’s Law, we assumed n to be unity, and λ represents the wavelength of the x-rays,
d represents the distance between diffracting planes in the sample (in nm) and θ
represents the angle of the x-ray being diffracted. In our experiments, Cu Kα radiation
with a wavelength of 1.5418 Å is utilized. X-rays fired at the samples diffract off atomic

6

planes of the sample’s crystal structure, depending on the composition of the sample.
XRD is a relevant analytical technique because pure component reference standards are
first analyzed to obtain standard diffraction peaks. Since the x-rays diffract off the
atomic planes, regardless of the sample’s composition, peaks characteristic to unique
compounds (i.e. diffraction signals) will be measured if they are present in the sample. In
this experiment, we are mainly interested in the formation of any Ni-Zn intermetallic
species and any oxides still present in the sample. There are exceptions, depending on the
domain size; XRD requires long range order, and if that order is missing, then diffraction
peaks are not visible, or are very broad and potentially lost in the baseline.
From the diffraction patterns, it is also possible to determine the lattice crystal
structure of the sample due to Bragg’s law. Knowing the angle at which the Bragg
condition is met, it is then possible to determine the distance d between diffracted planes.
With some trigonometry and using the unit cell model, it is then possible to calculate the
distance between atoms and the overall lattice crystal designation of the sample analyzed.
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Methods
i. Synthesis of Samples
0.5, 1, 2, 5, 10 wt % Ni/ZnO samples were synthesized from Ni(NO3)2•6H2O
(Alfa Aesar PURATRONIC, CAS: 13478-00-7, 99.9985% metals basis) and
nanoscale ZnO (NanoActive, AC: 005-1000-00NS, Lot: 05-0174) via wet
impregnation. Nanoscale ZnO was added to a scintillation vial, while in a separate
scintillation vial Ni(NO3)2•6H2O was dissolved in enough deionized water so that the
solution level was equal to the height of ZnO powder in the other vial (~5mL) . The
samples were then dried for 8 h at 120oC followed by 4 h calcination at 450oC in a
box furnace (ThermoScientific, Lindberg Blue M).

ii. TPR of Samples
In order to remove oxides present on sample surfaces, hydrogen reduction was
carried out using a Micromeritics AutoChem 2910. Reduction was performed while
the temperature was increased. 300 mg (0.5, 1, 2, and 5 wt % samples) or 150 mg (10
wt % sample) of sample was added to a U-shaped quartz tube and supported with
quartz wool. Samples were heated from room temperature to 600oC at a rate of
10oC/min under 3.88 % H2 balanced with Ar at a flow rate of 50 mL/min. Hydrogen
uptake was monitored using a thermal conductivity detector (TCD) based on the
difference between thermal conductivity of hydrogen and argon. Calibration of the
TPR was performed by measuring the hydrogen uptake of a known amount of copper
(II) oxide.
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iii. XRD of Samples
In order to determine the phases of the synthesized samples, XRD analysis was
performed on each sample, both before and after reduction in the Autochem 2910.
XRD analysis was conducted using a Bruker D8 Advance x-ray diffractometer. The
2θ range scanned was between 20o and 90o with increments of 0.02o per step. The
scan speed was set at 0.2 seconds/step. Acceleration voltage and current was set at 40
kV and 40 mA respectively. The diffractometer was controlled with XRD
Commander and data was analyzed using EVA (Bruker Corp.) and JADE (Jade
Software) software.

iv. Batch Reactor & Gas Chromatography-Mass Spectometry
A batch reactor setup was used to conduct experiments on synthesized samples.
The reactor is a closed-loop system with a total volume of 33 mL and a three-way
valve for admission of reactant gases. Samples were first weighed, loaded into a
quartz reaction tube, and placed between quartz wool plugs. The quartz reactor tube
was fit to the batch reactor with Swagelok Ultra Torr fittings. Sample weights were
chosen to obtain relatively low conversion and thus varied depending on Ni weight
loading. A Ni/SiO2 sample was also run to serve as a “control” sample.
After loading the catalyst, the system was evacuated to a pressure ~120 mTorr
(monitored with Varian 531 gauge tube). Prior to admission of reactant gases, the
Varian 531 tube was isolated from the system with a ball valve. This is because the

9

Varian 531 thermocouple gauge operates with a Pd-Au filament, which catalyzes
acetylene and ethylene hydrogenation.
Through a needle valve, the system was charged with

13

C acetylene (Sigma

Aldrich) to approximately ~5 Torr. This number is variable because

13

C acetylene

was manually added to the reactor. Then 9.90% H2 (in He, GTS-Welco) was added
to bring the system to ~267 Torr (a charge of ~264 Torr H2). Lastly 10% C2H4 (in He,
GTS-Welco) was added to reach a total system pressure of 800 Torr (a charge of
~533 Torr C2H4). To reduce any potential leaking from the ambient into the reactor,
the reactor was operated above ambient pressure.
Using a diaphragm recirculation pump, reactants were recirculated at a flow rate
of ~50-100mL/min, slightly less than 50 bed volumes per minute. The control of the
flow rate for the circulation pump was done manually and therefore the flow rate was
slightly different for each experiment.
Via a septum port, gas samples were removed from the reactor using a 50 µL
Hamilton gas tight syringe and injected into a Shimadzu GC-MS-QP2010 Ultra gas
chromatograph equipped with a mass spectrometer. The syringe was purged twice
with sample gas before injection into the GC-MS. An alumina capillary column
(Rt®-Alumina BOND/KCl, 30 m, 0.25 mm i.d.) was used to separate the gas mixture,
using a temperature programmed to consist of two minutes at 60oC and a 10oC/min
ramp to 180oC, with a total run time of 14 minutes. The column provides good
separation of all of the C2-C4 hydrocarbons with the following elution order: ethane,
ethylene, propane, propylene, acetylene, isobutane, butane, trans-2-butene, 1-butene,
isobutylene, cis-2-butene, and 1,3-butadiene.
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The MS scanned from 12 to 100 m/z every 80 ms where the sum of the scanned
ions (the total ion count, TIC) was measured and analyzed. Quantification of the
components was performed by integrating the TIC and comparing the peak areas to a
calibration standard (100 ppm each compound, SCOTTY gas calibration standard).
The percentage of

13

C ethylene present was determined by fitting the ionization

spectra of the ethylene peak to a linear combination of the ionization spectra for
natural (12C) ethylene and 13C ethylene. An identical procedure was done for ethane.
To account for differences in the injection volume, all peak areas were divided by the
sum of the 12C ethylene and 12C ethane peak areas since the sum of 12C ethylene and
12

C ethane remained constant throughout the experiment at a total pressure of 53 Torr.

The starting pressure of 12C ethylene is 53 Torr and 12C ethane is the only product of
12

C ethylene, thus their sum remains constant throughout the experiment.

v. Additional Analysis (TEM)
Samples were prepared for transmission electron microscopy (TEM) by
sonicating the catalyst powder in ethanol and dropping it onto a carbon coated copper
TEM grid. Imaging was performed on a JEOL 2010f field emission TEM operated at
200 kV. Chemical compositions were profiled using energy-dispersive x-ray
spectroscopy (EDS) in the scanning transmission electron microscopy (STEM) mode.
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Results and Discussion

The representative sample, 2 wt % Ni/ZnO, was chosen due to the ease of further
analysis. 2 wt % Ni/ZnO provides enough nickel (compared to higher weight Ni/ZnO)
that high interfacial surface area between NiO and ZnO is achieved, while at the same
time high quality x-ray absorption spectroscopy (XAS) data4 can be acquired. XAS was
therefore able to be conducted4 to determine the NiZn phases during in situ reduction.

i. Component and structural analysis of Ni/ZnO samples after calcination
Using TPR and the representative sample of 2 wt % Ni/ZnO (10oC/min, 50
mL/min of 3.88% H2/Ar) the data shown in Fig. 3 was generated. From XANES and
EXAFS by Spanjers et. al, the ex-situ TPR graph results of Ni/SiO2 support the
observed in-situ reduction temperatures for Ni and Zn.

12

Figure 3. Ex situ temperature-programmed reduction of 2 wt. % Ni/ZnO (10
°C/min, 50 mL/min 3.88 % H2/Ar). Data (solid black) was fit (dotted green) with
two Gaussian-shaped peaks (dotted blue and dotted red).The first and second
peaks are assigned to the reduction of Ni (1.08 eq Ni) and Zn (0.97 eq Ni)
respectively.

Upon stoichiometric analysis, the moles of H2 consumed in the first and second
peaks in the Fig. 3 correspond to 1.08 and 0.97 eq of Ni, respectively. The almost
equal amount of H2 consumed by both species implies that the two species are in a
1:1 ratio, i.e. exist in an intermetallic NiZn complex.
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ii. Ex situ characterization of Ni/ZnO before and after reduction
a. XRD Analysis
In addition to the representative 2 wt % Ni/ZnO, we also examined 0.5, 1.0, 5.0,
and 10 wt % Ni/ZnO catalysts. After calcination, XRD was performed twice on the
samples: before and after reduction. XRD was performed on each sample to
determine the sample’s composition of various NixOyZnz compounds.
The results of XRD from samples after calcination before reduction can be seen in
Fig.4 below. The primary reflections of Ni, NiO, Ni4Zn, and NiZn occur at distance d
of 2.035, 2.088, 2.0623, and 2.0808 Å respectively. Before reduction by TPR, a clear
peak exists at ~43.4o 2θ for each sample. The intensity of the primary reflection for
NiO at ~43.4o 2θ increases with increasing Ni wt %. If we compare this to the control
sample Ni/SiO2, the NiO peaks are shifted to lower angles in Ni/ZnO, implying an
expansion in the lattice structure due to the inclusion of Zn2+. Using Eqn. 5, the
decrease in θ from the expected value implies that the distance between the
diffracting planes is actually larger than expected, since the wavelength of the X-rays
does not change. This suggests that there is some kind of an enlargement of the unit
cell, perhaps due to the inclusion of Zn2+ ions into the lattice, since the atomic radius
of Zn is larger than Ni (Ni with atomic radius of 124.6 pm, Zn with 139.4 pm)6. The
inclusion of Zn2+ therefore would expand the lattice structure slightly, resulting in the
slight shift in 2θ that is observed. This may be due to some sort of transfer between
ZnO and NiO in the samples, where Zn from ZnO diffuses into the NiO particles.
However, as we increase the wt % of Ni in the sample, the explained trend would
imply that the increased amount of Ni would reduce the spacing and thus increase the
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2θ for the higher wt % Ni samples. This is not the case in Fig. 4. This implies that
some form of Zn inclusion into the NiO particles occurs during calcination that is
evident regardless of Ni wt %.

Figure 4. Powder x-ray diffraction of Ni/SiO2 and Ni/ZnO catalysts after calcination at
450 °C. The dotted line indicates the position of the (200) reflection for pure NiO.
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The results of XRD performed on the samples after calcination and after reduction
are shown in Fig. 5.

Figure 5. Ex situ powder x-ray diffraction of calcined Ni/SiO2 and Ni/ZnO catalysts after
temperature-programmed reduction to 600 °C. The dotted lines indicate the reflections for
NiO (200), β1-NiZn (101), Ni4Zn (111), and Ni (111).

After reduction, it is evident the samples are indeed intermetallic in nature due to
the peaks lining up with the Ni4Zn peak at ~43.8o 2θ. The 10 wt % peak occurs in
between the primary reflection of Ni4Zn and pure Ni. This implies that there is
slightly less Zn2+ incorporation into the 10 wt % sample, thus a lower Zn/Ni. By Eqn.
5, since the higher Ni wt % have higher 2θ values, the d value decreases, implying the
lattice structure is now smaller than the lower Ni wt % samples. This is reasonable

16

since the higher wt % would have more Ni, with less Zn2+ that might incorporate into
the lattice structure.
Fig. 6 below shows a summary of both Fig. 4 and 5.

Figure 6. Ex situ powder x-ray diffraction of calcined Ni/SiO2 and Ni/ZnO catalysts before
and after temperature-programmed reduction to 600 °C. The dotted lines indicate the
reflections for NiO (200), β1-NiZn (101), Ni4Zn (111), and Ni (111).

In Fig. 6, the O2 region (the lower set of curves) represents the calcined samples
(the plot of Fig. 4) while the O2 + H2 region (the higher set of curves) represents the
calcined and reduced samples.
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b. Microscopy Analysis
TEM of 2 wt. % Ni/ZnO after calcination4, before reduction (Fig. 7) shows the
polydisperse particle sizes of ZnO ranging from ~10 to ~100 nm. It is difficult to
differentiate between NiO and ZnO particles in TEM due to their similar atomic
numbers (28 for Ni, 30 for Zn).

Figure 7. Transmission electron microscopy image of 2 wt. % Ni/ZnO after calcination
at 450 °C.
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TEM for 2 wt % Ni/ZnO catalyst after reduction are shown in Fig. 8. Due to the
similar contrast of Ni and Zn in TEM, it is difficult to determine which is NiO or
ZnO. Fig. 8B shows a metallic nanoparticle adsorbed to ZnO support encased in
some kind of shell; since it is not a metal as evidenced by its contrast, one can assume
that it is some oxide shell, since oxygen is the only other species present in the
compound. However, this oxide shell’s origin is unclear. It could have formed during
reduction or formed in response to exposure to atmospheric oxygen. Fig. 8D shows
an EDS linescan, with a corresponding scanning transmission electron microscopy
(STEM) image (Fig. 8C) which confirms incorporation of Zn into the Ni nanoparticle,
as the particle itself has a significant signal from Zn. This shell is significant because
it decreases the amount of available active sites on NiO and thus reduces the
capability of the Ni/ZnO catalyst.
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Figure 8. (a) TEM image of 2 wt .% Ni/ZnO after temperature-programmed reduction to
700 °C and (b) HRTEM close up of a NixZn1-x nanoparticle on the ZnO support; (d) EDS
line scan and corresponding STEM image (c) showing the composition of a NixZn1-x
nanoparticle on the edge of the ZnO support.
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iii. Acetylene semi-hydrogenation reaction analysis
The selectivity for acetylene semi-hydrogenation in the batch reactor was
calculated using GC-MS data via Eqns. 1 - 3. Reactions were carried out at 160oC
using a reactant mixture of ~5 Torr 13C2H2, 26 Torr H2, and 53 Torr 12C2H4.
The partial pressures of 13C2H2, 13C2H4, 13C2H6, and 12C2H6 as a function of time
are shown in Fig. 9, using (A) 2 wt % Ni/ZnO reduced at 600oC and (B) 2 wt %
Ni/SiO2 reduced at 450oC.

Figure 9. Partial pressures of 13C acetylene (black), 13C ethylene (blue), 12C ethane (red), and
13

C ethane (green) as a function of time during the catalytic hydrogenation of acetylene in the

presence of ethylene in a batch reactor at 160 °C for (A) 2 wt. % Ni/ZnO reduced at 600 °C
and (B) 2 wt. % Ni/SiO2 reduced at 450 °C. Initial partial pressures of 13C acetylene, H2, and
12

C ethylene were ~5 Torr, 26 Torr, and 53 Torr, respectively. The solid grey line indicates the

time at which the reactor reached 160 °C.

21

In Fig. 9, time 0 is defined as the time at which the reactor reached the desired
temperature of 160oC. It took about 10 minutes for the reactor to reach 160oC from
room temperature. From Fig. 9A, the 2 wt % Ni/ZnO sample mainly produces ~0.9
Torr

13

C ethylene and very little

13

C ethane and

12

C ethane, a desired trait for an

alternative catalyst. When the starting pressure of 13C acetylene (5.3 Torr) reaches 0,
full conversion is implied. This means that the overall conversion of acetylene to
ethylene only amounts to ~17%. In addition, 2 wt. % Ni/ZnO reduced at 400 and
500oC showed similar catalytic behavior to the 600oC reduction temperature, with the
results shown in Table 1 (time dependent behavior for these materials is shown in
Fig. A1 of the Appendix).

Table 1. Catalytic activity and selectivity for the semi-hydrogenation of acetylene in the
presence of ethylene in a batch reactor at 160oC. Initial partial pressures of

13

C 2H 2, H 2,

and 12C2H4 were ~5 Torr, 26 Torr, and 53 Torr, respectively.
Catalyst
Ni/SiO2
Ni/ZnO

ZnO

Reduction
Temperature (°C)
450
400
500
600
500

Rate

!"#  !! !!
!  !"#  ∙!

5.9 × 10-7
8.9 × 10-9
2.5 × 10-8
2.1 × 10-8
5.2 × 10-9

TOF

!
!

3.5 × 10-2
5.5 × 10-4
1.6 × 10-3
1.3 × 10-3
6.3 × 10-6

!" ! !
! !,!"#$%
!" ! !
! !,!"!#!$%

40
20
18
17
1

· 100 (%)
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The Ni/SiO2 sample however converts ~40% of the initial
ethylene, while also producing a significant amount of

12

13

C acetylene to

13

C

C ethane. Compared to the

Ni/SiO2, Ni/ZnO has a lower turnover frequency and a lower amount of ethylene
formed. This reduction is due to the increase in oligomerization of the 13C acetylene
(undesired products) on the ZnO-supported catalyst. If one is to also view Fig, 7A,
the mass (i.e. pressure) is not conserved. Based on a carbon balance, all of the
Ni/ZnO catalysts convert ~80% of the initial acetylene to oligomeric products.
It was also observed that pure ZnO demonstrated an observable conversion of 13C
acetylene (Fig. A1, Appendix) through oligomerization to higher molecular weight
products. This is interesting since ZnO should not have any active sites to perform
hydrogenation of 13C acetylene. This implies that perhaps some impurities in the ZnO
are catalyzing acetylene hydrogenation to a small degree.
Table 1 unfortunately reveals that the despite the increased selectivity of Ni/ZnO
compared to Ni/SiO2, the amount of ethylene produced is lower. The goal of this
study was to find a potential alternative to an expensive catalyst that converts a
majority of acetylene to ethylene, yet by comparing Ni/ZnO and Ni/SiO2, it is clear
that Ni/SiO2 is a better catalyst than the Ni/ZnO samples. Just from Table 1 alone,
Ni/SiO2 has a higher TOF, rate of ethylene production, and conversion of acetylene
towards ethylene.
The main purpose of the catalyst is to convert as much acetylene to ethylene as
possible, with the highest absolute ethylene selectivity possible. Although Ni/SiO2
creates a large amount of ethane along with the ethylene it produces, it removes more
acetylene. Acetylene is a poison to the polyethylene production process, so the top
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priority of the catalyst is to eliminate acetylene from the ethylene feed stream. The
second priority is to convert that acetylene to ethylene to create additional raw
ethylene for the polyethylene process. Ni/SiO2 converts more acetylene than Ni/ZnO,
while at the same time producing a significant amount of ethylene, and thus Ni/SiO2
it is a more effective catalyst. Ethane and other oligomers produced could then
perhaps be removed with an adsorbent or molecular sieve and to further purify the
ethylene stream.

Conclusions and Future Work
Despite previous work proposing intermetallic NiZn as good alternative to
expensive Pd-Ag catalysts, this study has revealed that Ni/ZnO is not an ideal alternative
catalyst to remove catalyst poisons from ethylene streams, even at the nanoscale level.
Samples were made on the nanoscale level using wet impregnation technique, calcined,
reduced, and characterized using various techniques such as XRD and TEM to confirm
the existence of active intermetallic NiZn species to perform catalysis in our batch
reactor, before and after reduction. After reaction studies on our Ni/ZnO samples and
Ni/SiO2, it was found that Ni/SiO2 was a better catalyst than Ni/ZnO. It is also cheaper
due to the use of SiO2 over Zn.
However, there was an interesting phenomenon (albeit unrelated to the
performance of the catalyst) that may require future work and explanation. During
calcination, the Ni/ZnO samples retained their peaks (Fig. 4) despite increasing the
amount of Ni in the sample. We propose a Zn diffusion mechanism that occurs across Ni
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and causes the lattice structure to expand.

We believe that this occurs due to

thermodynamic interactions during calcination, which occurs at high temperatures.
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Appendix
Miscellaneous Material Info
Ni(NO3)2, (Alfa Aesar) LOT #: 24429
ZnO, (NanoActive) LOT #: 05-0174
9.90% H2 in He, LOT #: 301803273101, GTS-Welco #: HEHY10C-K
1% C2H2 in He, LOT #: 30522279104, GTS-Welco #: HEAC1C-K
10% C2H4 in He, LOT #: 30502075206, GTS-Welco #: HEEYR5C-K
Detailed sample analysis4
Table 1. Results from powder x-ray diffraction of catalysts after calcination.
Crystallite Size
Wt. %
NiO
% Zn in
BET Surface
(nm)c
Sample
a
b
Ni
a(Å)
NiO
Area (m2/g)
NiO
ZnO
ZnO
Ni/ZnO

Ni/SiO2
a

0
0.5
1
2
5
10
2

d

d

d

4.197

18

18

4.195
4.194
4.195
4.174

16
15
16

21
26
31
20

14
17
20

40.8
25.5
22.7

28
39
56

17.5
15.9
13.3

Determined from the (200) reflection of NiO (NaCl structure).
Calculated from the NiO lattice parameter based on lattice parameters of pure NiO (4.178 Å) and Ni0.7Zn0.3O
(4.211 Å) and a linear relationship between Zn content and lattice parameter.
c
Calculated from FWHM of primary reflection using the Scherrer equation.
d
Not determined due to the low concentration of Ni in the sample.
b
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Table 2. Results from ex-situ powder x-ray diffraction of catalysts after temperatureprogrammed reduction to 600 °C.
Sample

Wt. % Ni

ZnO
Ni/ZnO

0
0.5
1
2
5
10
2

Ni/SiO2
a

α-Ni a(Å)a

% Zn in Nib

d

d

3.578
3.576
3.567
3.546

22
22
18
9

Crystallite Size (nm)c
Ni
ZnO
19
d
20
11
22
15
29
21
42
23
59

Determined from the (111) reflection of FCC α-Ni.
Calculated from the α-Ni lattice parameter based on lattice parameters of elemental Ni (3.524 Å)
and Ni4Zn (3.572 Å) and a linear relationship between Zn content and lattice parameter (Vegard’s
Law).
c
Calculated from FWHM of primary reflection using the Scherrer equation.
d
Not determined due to the low concentration of Ni in the sample.
b
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Figure A1. Partial pressures of 13C2H2 (black), 13C2H 4 (blue), 12C2H6 (red),
and 13C2H6 (green) as a function of time during the catalytic hydrogenation of
acetylene in the presence of ethylene in a batch reactor at 160 °C for (A) 2 wt. %
Ni/ZnO reduced at 400 °C, (B) 2 wt. % Ni/ZnO reduced at 500 °C, and (C) ZnO
pretreated at 500 °C. Initial partial pressures of 13C2H2, H2, and 12C2H4 were ~5 Torr,
26 Torr, and 53 Torr, respectively. The solid line indicates the time at which the
reactor reached 160 °C.
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