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Catalysts having unprecedented selectivity toward ethane dehydrogentation were prepared by combining platinum and
zinc on the surface of the titanate ETS-2. This high surface area, sodium titanate ion exchanger affords high metal dis-
persion, presents many active sites to the gas stream, and is free of any pore structure that can influence mass transfer
to and away from the active sites. It was determined that the addition of zinc to platinum-loaded ETS-2 changes the
electronic properties of the metals and significantly improves the specificity of the catalyst. By changing the zinc-to-
platinum ratio, and by manipulating the space velocity of the gas, the production of side products and coke can be sup-
pressed or eliminated. © 2015 American Institute of Chemical Engineers AIChE J, 61: 4367-4376, 2015
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Introduction

Ethylene is an important precursor for the petrochemical
industry. The global ethylene capacity is projected to reach
over 170 million tons in 2016 by growing at a rate of 3.4% per
year.! Ethylene is typically manufactured by steam cracking a
hydrocarbon feedstock. Currently, ethane and naphtha are the
two main feedstocks for ethylene production but ethylene pro-
duction from ethane is the more economical® and efficient due
to the abundant reserves, easy exploitation of natural gas, and
the higher selectivity of the cracking process. Using ethane as
the feedstock, conversion can be up to 70% with olefin yields
of around 52%. By contrast, using naptha as a feedstock the
ethylene yield is typically around 28%."

Catalytic dehydrogenation of ethane has been an attractive
alternative to steam cracking because the lower reaction tem-
perature afforded by catalysis reduces the energy required for
ethylene production. Supported platinum catalysts have been
investigated for ethane dehydrogenation*™ and it was proved
that acidic supports such as Al,O; and MFI zeolites helped the
dispersion and stabilization of the active metal phase. How-
ever, the acid function of the supports simultaneously cata-
lyzed undesired reactions such as polymerization and
coking,'®"" which converted the ethylene product into low-
value by-products. As a result, nonacidic supports, such as
potassium modified L-zeolite,"? hydrotalcites,s’7’8’13_16 alkali
modified Al,O3'7?° and spinels*"** were studied to over-
come this disadvantage. Previous studies showed that alkaline
supports helped reduce, but did not eliminate, the formation of
coke.

Further enhancements in catalyst selectivity were realized
using bimetallic catalyst systems. Since the 1960s bimetallic
catalyst systems including platinum were developed to
improve the selectivity of cracking catalysts. For alkane dehy-
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drogenation, adding a second metal component to the catalyst
was found to generate higher stability and alkene selectivity.
Tin was widely investigated as a promoter for Pt-based cata-
lysts.(”7’9’12’21_29 During the catalyst reduction processes, Pt
and Sn formed Pt-Sn alloys®* on the surface of the support.
The Sn in Pt-Sn alloy reduced the Pt into nanoparticulate
sizes'*?* and the addition of Sn changed the geometric struc-
ture and electronic properties of the Pt particles’'; weakening
the interaction of propene with Pt on the PtSn-Al,O5 catalyst.
These effects combined to achieve a higher propane conver-
sion,?* decreased coke deposit on the catalyst surface, %2426
increased catalyst stability,”' and eliminated the acid sites on
the supports.22 While the addition of Sn significantly improved
catalyst performance, the bimetallic catalyst is not completely
selective toward ethane as ethane, ethylene, and hydrogen all
compete for the same adsorption sites.” Isotopic tracer stud-
ies™’ demonstrated that methane was generated—not through
reaction with ethane—but by ethylene dehydrogenation. Pre-
venting ethylene adsorption on the catalyst sites is critical to
further improving catalyst selectivity.

Zinc has also been used as a promoter or as a composite
support for alkane dehydrogenation catalysts.‘”*35 Zinc, analo-
gously to tin, modifies the geometric and electronic properties
of the metallic phase of Pt and studies showed that the addition
of zinc to Pt-Al,O3, PtSn—A1203,3] and PtSn-MgAl,O, formu-
lations significantly improved their overall performance for
propane dehydrogenation.33 ZnO-supported Pt catalysts were
found to have increased Pt dispersion and reduced metal par-
ticles sizes on the surface of the support. The mechanism
behind this improvement is believed to lie in the way in which
the metals interact.

Zinc is known to alloy with platinum and the formation of
the alloy increases the electronic density on the metallic Pt.
The enriched electron density of Pt weakens the adsorption
strength of ethylene (n-bonded) on Pt surface®! which, in turn,
suppresses coke formation and associated by-product gases
such as methane.®® The addition of ZnO was shown to
improve the activity and stability of a PtSn-MgAl,O4
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catalyst.*> However, pure ZnO-supported Pt catalyst (PtZnO)
was less active than the compound oxides supported Pt
(PtZnO-M,05) for i-butane dehydrogenation.”’38

In this work, a novel bimetallic catalyst supported on the
titanate ETS-2 was developed and characterized for its selec-
tivity toward ethane dehydrogenation. ETS-2 was first intro-
duced by Kuznicki® as a high surface area sodium titanate.
ETS-2 is formed by the alkaline digestion of TiO, and the
caustic digestion converts the surface of the TiO, particles
into sodium titanate which is a potent ion-exchanger; particu-
larly for transition metals which makes it particularly suitable
as a metal support. The core of the ETS-2 particles is pre-
sumed to be TiO, while the surface titanate species carry a net
negative charge, which is offset by exchangeable cations.
ETS-2 has no measurable microporosity—which makes it
immune to pore blockage or capillary condensation—yet has a
surface area as high as 250 m?/g, which exposes a large num-
ber of active sites to a gas stream. The effect of the Zn content
on the specificity of the PtZn-ETS-2 catalysts toward the eth-
ane dehydrogenation reaction was investigated, as was the
influence of the space velocity of the feed gas stream on eth-
ane conversion and ethylene selectivity.

Experimental
Catalyst preparation

A commercial ETS-2 sample in the form of filter cake was
received and used to prepare the catalysts. The filter cake was
calcined at 600°C for 4 h and crushed into 30-50 mesh pellets
to be used as the catalyst support. A series of PtZn-ETS-2 cat-
alysts having varying zinc loadings was prepared by impreg-
nating the pellets with the metals via the incipient wetness
impregnation method.

Metal precursors were prepared from aqueous solutions:
0.1 M H,PtClg (Hydrogen hexachloroplatinate (IV) hydrate, Pt
40%, Acros Organics), 0.2 M Zn(NOs), (Zinc nitrate hexahy-
drate crystalline, Fisher Scientific, Canada). The ETS-2 gran-
ules were first modified with Zn to the target loading and then
impregnated with 1 wt % Pt. All catalysts were calcined at
500°C in air for 4 h except for where specified.

Catalyst characterization

X-ray Diffraction. The phase identification and structural
analysis of the catalyst materials was carried out using powder
x-ray diffraction (XRD) on a Rigaku Gigerflex 2173 diffrac-
tometer having a Co tube x-ray source (Co Ko, 4= 1.79021
A), and a vertical goniometer with a graphite monochromator
as Kp filter. Testing conditions were: 38 kV, 38 mA, scan
speed 2°/min, step width 0.02°, and scan range 5-90° (20).

Specific Surface Area (Brunauer—Emmett-Teller). The
influence of the calcination process and metal impregnation on
the surface area of the titanate particles was measured using
N, physisorption. The specific surface areas of the samples
were calculated using the Brunauer—-Emmett-Teller (BET)
method from the N, adsorption isotherm using a Micrometrics
ASAP 2020C instrument. Samples were degased at 200°C for
4 h before adsorption.

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) measurements were carried out to identify
the oxidation state of the Zn and Pt metals on the surface of
the titanate. XPS spectra were collected using a Kratos Axis
165 x-ray photoelectron spectrometer with a Mono Al Ko
source (hv = 1486.6 eV) (operated at 15 mA and 14 kV). The
survey spectra were collected with analyzer pass energy of
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160 eV and a step of 0.4 eV; the high resolution spectra were
scanned with a pass energy of 20 eV and a step of 0.1 eV. Dur-
ing the acquisition of a spectrum, charge neutralization was
applied to compensate the insulating problem of the sample.
XPS signals were fitted by mixed Lorentzian—Gaussian curves
using Casa XPS software. All binding energies are reported
after calibration for Cls peak to match 284.8 eV.

Temperature-Programmed Reduction. Temperature-
programmed reduction (TPR) measurements were carried out
to differentiate the reduction behaviors of the various catalyst
compositions. Hydrogen temperature-programmed reduction
(H,-TPR) was carried out on an AutoChem 2950 HP instru-
ment (Micromeritics) equipped with thermal conductivity
detector under atmospheric pressure. About 0.5 g of the cata-
lyst was calcined in air, at 200°C, for 1 h, and used for the
analysis. The catalysts were reduced in a flow of 10% H,/Ar
(50 mL/min) from room temperature to 500°C with a heating
rate of 5°C/min.

Scanning Electron Microscopy and Energy Dispersive X-
ray. Particle morphology and Pt dispersion was assessed
using electron microscopy. The scanning electron microscopy
(SEM) images were analyzed by a Hitachi S-2700 scanning
electron microscope equipped with a PGT (Princeton Gamma-
Tech) IMIX digital imaging system and a PGT PRISM IG
(Intrinsic Germanium) detector for energy dispersive Xx-ray
(EDX) analysis. Samples for EDX were coated with carbon.

Thermal Gravimetry-Mass Spectrometry. The analysis of
coke deposits on the spent catalysts was carried out using ther-
mal gravimetry-mass spectrometry (TG-MS). The TG-MS
plots were collected using a TA Instruments Q500 TGA
coupled to a Pfeiffer Omnistar QMA 200 residual gas ana-
lyzer. TG scans were run using a balance purge rate of 5 mL/
min Ar and a sample (air) purge rate of 180 mL/min. Samples
were loaded on platinum pans and heated at a rate of 10°C/min
from ambient to 600°C.

The mass spectrometer was configured with a stainless steel
capillary heated to 200°C and connected to the TGA by means
of a stainless steel adapter and a 0.25” branch T-fitting. The
capillary was positioned at the center of the tee close to the
furnace exhaust to sample the evolved gases. The exhaust end
of the T-fitting was connected to a 6 m length of 0.25” OD
tubing that prevented back-diffusion of atmospheric compo-
nents and led to a fume hood exhaust. Experiments were run
in MID mode with fragments at m/z = 18 and 44 tracked over
time. These fragments, associated with water and carbon diox-
ide, respectively, were found to be the most diagnostic signals
associated with the combustion of the coke. To start data col-
lection, the two instruments were manually synchronized and,
as a result, an uncertainty of a few tenths of a degree for the
starting temperature can be expected between the TG and MS
plots.

Catalysts testing in ethane dehydrogenation reaction

To evaluate the catalyst performance for the ethane dehy-
drogenation reaction, a reactor as shown in Figure 1 was con-
figured. The reactor was a quartz tube (ID 22 mm) and the
catalyst bed was supported by quartz wool on both sides. Both
reduced and nonreduced catalysts were dried at 110°C for 4 h
before use. The catalysts were reduced in situ using 40 mL/
min of argon-diluted hydrogen (40 vol % H;) and at a rate of
2°C/min from room temperature to 300°C. Samples were
maintained at 300°C for 1 h.
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Figure 1. The scheme of packed-bed reactor for ethane dehydrogenation.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The amount of the catalyst loaded for each run was 3.0 g.
An online GC (Bruker 450-GC) was used to analyze the gas
products. The ethane feed (99.5%, Praxair) flow rate was con-
trolled by a mass flow meter (Sierra Instruments). The outlet
gas flow rate was measured by a bubble meter maintained at
ambient conditions. The selectivity of ethylene was calculated
by Eq. 1

[CoHy]
[C,H.] + 0.5[CHy]

Scom, = X 100% (1

Results and Discussion
Catalyst characterization

Surface Area and Pt Dispersion. Table 1 summarizes the
BET specific surface areas for ETS-2 and the various catalyst
compositions. The as-received commercial ETS-2 filter cake
had the highest surface area of all of the samples measured
and when this parent material was calcined at 600°C for 4 h,
the surface area for the resulting calcined sample dropped by
about 60%. Likewise, when platinum was loaded on the sur-
face and calcined at 500°C, the specific surface area of the 1%
Pt-ETS-2 catalyst decreased by a comparable amount indicat-
ing the presence of platinum does not have a deleterious effect
on the thermal stability of the support.

The changes in surface area are likely due to a sintering
effect which is seen in an analogous, copper-exchanged ETS-
2. The sintering process for Cu-ETS-2 is progressive*® and
converts the anatase at the center of the ETS-2 platelets into

Table 1. BET Surface Area for the Catalysts and Parent

Material
Specific Surface
Catalyst (Support) Area (mz/g)
ETS-2 (150°C) 190
ETS-2 (600°C) 69
1% Pt-ETS-2 (500°C) 83
0.5% Zn, 1% Pt-ETS-2 (500°C) 50
1% Zn, 1% Pt-ETS-2 (500°C) 51
2% 7Zn, 1% Pt-ETS-2 (500°C) 42
5% Zn, 1% Pt-ETS-2 (500°C) 28
5% Zn, 1% Pt-ETS-2 (500°C(T), tested) 29
5% Zn, 1% Pt-ETS-2 (600°C) 24
7.5% 7Zn, 1% Pt-ETS-2 (500°C) 28
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highly crystalline rutile. The difference in specific surface area
between the parent material and the calcined samples may be
linked to this phase transformation.

Unexpectedly, the addition of even a small amount of Zn
further reduced the specific surface area of the catalysts. As
the Zn content increased, the specific surface area of the cata-
lysts gradually decreased and then leveled off once the Zn
content reached 5 wt %. A minor fraction of the reduction in
specific surface area can be assigned to the increase in the
mass of the ETS-2 particles when the transition metals are
added to the surface. The majority of the reduction in surface
area is likely due to an effect the transition metals have on the
thermal stability of the titanate. The surface area analyses
demonstrated a complete lack of porosity for ETS-2 which
eliminates pore blockage as a mechanism for the reduction in
surface area.

A change in calcination temperature for the 5% Zn 1% Pt-
ETS-2 did not create a meaningful difference in surface area.
More importantly, the surface area for this catalyst composi-
tion is unchanged after being exposed for several hours to the
reducing conditions found in the ethane dehydrogenation reac-
tion which suggests that the catalyst is stable toward tempera-
tures in the range of 500°C under both oxidizing and reducing
conditions.

ETS-2 150°C
é ETS-2600°C
g
E S%Zn-1%PI-ETS-2 500°C
% W S%Zn-1%P-ETS-2 500°C (T}
SNZn- 1%P-ETS-2 600°C
1 20 3 40 s 60 70 s s
Degrees (20)
Figure 2. XRD patterns for ETS-2 and 5% Zn 1% Pt-

ETS-2.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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X-ray Diffraction. Figure 2 shows the XRD patterns of
the ETS-2 parent material and the catalyst formulation 5%
Zn 1% Pt-ETS-2 exposed to different conditions. All of the
catalyst compositions were first calcined in air to 500°C for
4 h prior to any subsequent treatment. The broad reflections
in the pattern of ETS-2 activated in air at 150°C relate to
the anatase phase of TiO, and the breadth of the reflections
is the result of the nanocrystalline scale of the particles.
Upon activation to 600°C, some sharper reflections are evi-
dent in the powder pattern. These reflections are due to the
progressive phase transition which starts above 550°C*! that
converts the titania in the core of the particles from anatase
to rutile. A very broad peak between 32° and 40° 20 is evi-
dent in the sample of the parent material activated to 600°C
which does not belong to either the anatase or rutile phase
and remains unassigned.

With the addition of zinc and platinum to ETS-2, the pow-
der pattern for the catalyst calcined at 500°C shows two sharp
reflections at 37° and 53° 20 which are not evident in the par-
ent ETS-2 material. These reflections do not correspond to a
platinum or zinc oxide/titanate phase but agree well with
the (111) and (200) reflections for NaCl. The assignment of
these sharp reflections to NaCl is reasonable because the sam-
ple was prepared by an incipient wetness technique where the
chloride present in the platinate salt remains behind on the
solid. The presence of NaCl in the calcined samples suggests
that the platinum and/or zinc cations have exchanged with the
sodium on the surface of the sodium titanate forming a transi-
tion metal-exchanged titanate and NaCl crystallites on the sur-
face of the particles.

A diffraction pattern was collected for a catalyst sample that
had completed several hours of ethane dehydrogenation test-
ing at 500°C (5% Zn 1% Pt 500°C(T)). The presence of some
additional sharp reflections in the pattern for the sample tested
for ethane dehydrogenation (5% Zn 1% Pt 500°C (T)) com-
pared with the same composition only activated in air (5% Zn
1% Pt 500°C) is assigned to the emergence of a larger rutile
fraction in this sample. The presence of a larger rutile fraction
in the PtZn-ETS-2 500°C (T) sample suggests that the TiO,
phase transition does proceed at 500°C although the conver-
sion of anatase to rutile must be relatively slow at this temper-
ature. Other than the presence of an incrementally larger rutile
fraction, the two diffraction patterns are indistinguishable
which indicates that the catalyst support is thermally stable
under both oxidative and reductive conditions.

A diffraction pattern was collected on the same catalyst
composition calcined in air to 600°C. The diffraction pattern
for this sample shows no substantial differences compared
with sample calcined at 500°C and contains no reflections that
have not already been assigned. This result, in combination
with the previous XRD results, indicates that the transition
metals remain dispersed on the surface of ETS-2 and do not
crystallize into a distinct phase under calcination or test
conditions.

Microstructure and Morphology of the Catalysts. Figure
3 shows the images of the catalysts PtZn-ETS-2 and Pt-ETS-2
calcined in air at 600°C for 4 h. Aggregated Pt particles mani-
fest in the back-scatter image (Figure 3a) as bright spots on
the surface of the Pt-ETS-2 catalyst. This behavior has previ-
ously been seen for silver exchanged on the surface of ETS-
2*2 and the assignment of these bright spots as platinum par-
ticles was confirmed by higher magnification EDX analysis.
Aggregation of active metal component is undesirable due to
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Figure 3. SEM images of (a) 1% Pt-ETS-2 calcined at
600°C and (b) 5% Zn 1% Pt-ETS-2.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

losses in activity, stability, and selectivity of the catalysts.g’26

The absence of bright clusters of metal particles on the bimet-
allic sample (Figure 3b) confirms the effect of zinc as a pro-
moter of platinum dispersion since any metallic particles have
been reduced to a size too small to be detected at this resolu-
tion. This effect has precedence as zinc has been found to
have a similar function for dispersing Pt on alumina.*>??

Interaction of the Promoters and the Support. The 5%
Zn 1% Pt-ETS-2 catalyst was calcined in air at either 500°C or
600°C for 4 h and subsequently reduced under 40 vol % H, at
40 mL/min and 300°C. The XPS spectra for the reduced sam-
ples are shown in Figure 4. When calcined in air at elevated
temperatures, the zinc nitrate salt used to prepare the catalysts
is expected to decompose to ZnO, which should have a charac-
teristic binding energy of 1022.5 eV.**** The exposure of the
oxidized sample to a reducing atmosphere at an elevated tem-
perature should, depending on the thermodynamics, reduce the
oxides to their base metals. Zinc metal is, however, difficult to
distinguish from ZnO in the XPS spectrum as the binding
energies are comparable.

The Zn XPS spectrum for the reduced sample that was cal-
cined at 500°C (Figure 4a) shows only a single peak centered
at 1021.3 eV which suggests that the metal remained entirely
in its oxidized state or that the ZnO was fully reduced.***
The presence of metallic zinc might be unexpected as thermo-
dynamics suggests that the reduction of ZnO to zinc metal
cannot be accomplished efficiently under H, using the

December 2015 Vol. 61, No. 12 AIChE Journal


http://wileyonlinelibrary.com

(a)

o

T T T T

T T T T

1025 1024 1023 1022 1021 1020 1019 1018
Binding Energy, eV

(b)

o
BT T T T T 717

i ) B R T T D) B ) [ B D B P B e

1025 1024 1023 1022 1021 1020 1019 1018
Binding Energy, eV
Figure 4. XPS of the Zn 2p;,, of the reduced catalyst
5% Zn 1% Pt-ETS-2 calcined (a) at 500°C and
(b) at 600°C.

reduction conditions specified because the Gibbs free energy
is still positive. The reduction of ZnO under the experimental
conditions can, however, take place via a two-step reduction
process mediated by platinum. The platinum salt used in pre-
paring the catalyst is easily reduced under the experimental
conditions to platinum metal and, once reduced, Pt(0) is
exceptionally active toward H, dissociation. The hydrogen
atoms dissociated on the Pt metal centers can spill over**° to
adjacent ZnO species and spontaneously reduce them to their
metallic state.

The binding energy for Zn(0) in this sample is lower than
the average binding energy of 1021.78 eV expected for both
metallic Zn and ZnO. Such a negative shift in the binding
energy is generally the result of having increased electron den-
sity around the zinc metal center. The core level 2p;,, binding
energy for the Zn for the catalyst sample calcined at 500°C is
likely characteristic of a bimetallic PtZn alloy. The formation
of a bimetallic alloy through hydrogen spillover from one tran-
sition metal to an adjacent metal oxide has been observed for
a Cu/ZnO catalyst used for methanol synthesis.*®"

The calcination of the same catalyst formulation in air to
600°C significantly changes the XPS spectrum of the reduced
catalyst. The spectrum for the Zn core level 2p;, for this sam-
ple can be deconvoluted into two bands centered at 1022.5 and
1021.1 eV. The binding energy 1021.1 eV is similar to that
seen for the PtZn alloy seen in the sample calcined at 500°C.
A remaining peak, centered on a higher binding energy,
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implies a portion of the zinc remained in an oxide phase that is
resistant to reduction. It is likely that the higher calcination
temperature increased the interaction between the titanate
framework and the ZnO to form a new oxide phase with the
titanate substrate that is resistant to reduction by the hydrogen
that spills over from the platinum metal centers. By integrating
the two peak areas, it can be calculated that, for the catalyst
calcined at 600°C, only 80% of ZnO was reduced to Zn(0) and
that the remaining ZnO was too strongly associated with the
surface of ETS-2 to be reduced.

The XPS results suggest that when the PtZn-ETS-2 catalyst
is calcined at lower temperatures, the ZnO has a weaker inter-
action with the support which allows it to be more easily
reduced by hydrogen that has spilled over from the Pt and pro-
motes intermetallic bonding between zinc and platinum. How-
ever, when the catalyst is treated at the higher temperature, a
portion of the ZnO reacts with the support to form an oxide
phase, which is resistant to reduction. Catalyst evaluations
(not shown) demonstrated that the bimetallic PtZn-ETS-2 cat-
alysts treated at 600°C had a lower activity than the same com-
positions treated at 500°C. As a result, the ethane
dehydrogenation results presented here are for reduced cata-
lyst formulations first calcined at 500°C in air.

Temperature Programmed Desorption. The behavior of
the Zn and Pt toward reduction can be studied using tempera-
ture programmed reduction and is diagnostic toward assessing
bimetallic interactions.’” Figure 5 shows the normalized Hy-
TPR profiles of three ETS-2 samples, spanning a range of
compositions, all of which had been calcined in air at 500°C.
Samples containing only platinum, only zinc, and a single
bimetallic composition were tested to examine whether the
bimetallic system, as suggested by the XPS analysis, demon-
strates any measurable differences compared with the pure
component systems.

H, consumption is associated with the reduction of the tran-
sition metal oxide to its associated metal and the TPR curves
reflect the differences in the reduction potential of the different
catalyst formulations. The platinum on the 1% Pt-ETS-2 cata-
lyst was easily reduced as the reduction started slightly above
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Figure 5. H,-TPR profiles of ETS-2 supported catalysts.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. Ethane conversion over 1% Pt-ETS-2 cata-
lysts modified with different Zn contents at
510°C, WHSV =0.87 h™".

The dashed lines represent the ideal equilibrium conver-
sion at 510 and 515°C. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.
com.]

room temperature and continued as the temperature increased
until 250°C where the reduction was largely complete. The Zn
on 5% Zn-ETS-2, by contrast, did not even begin to reduce
until 330°C and the bulk of the reduction took place at much
higher temperatures. The bimetallic catalyst, however, has a
unique TPR profile. Three reduction peaks are evident for this
sample; two at low temperatures and one high temperature.
The two low temperature peaks centered at 110 and 130°C
agree well with the profile for platinum in 1% Pt-ETS-2 s
while the higher temperature peak centered at 360°C is likely
due to the reduction of zinc. These results confirm the mecha-
nism of hydrogen spillover and its effect on suppressing the
reduction temperature for ZnO. A suppression of the reduction
potential of ZnO would not be expected without an interaction
between the Zn and Pt on the surface of ETS-2.

The TPR results suggest that reducing the 5% Zn 1% Pt-
ETS-2 catalyst to about 400°C should result in the complete
reduction of the transition metals. The reducing conditions the
catalysts were exposed to in the process of preparing and test-
ing them are different compared with the TPR conditions.
While 10% H, was used in the TPR study, 40% H, was used
to reduce the calcined catalysts—although a lower temperature
was used (300°C). The absence of a ZnO phase in the XPS
results (Figure 4a) suggest that catalyst samples calcined at
500°C and subsequently reduced under the specified experi-
mental conditions yield a fully reduced sample.

Subsequent to reduction, the catalysts are then subjected to
pure ethane at ~510°C which provides a lower concentration
of H, (~5%) but a higher temperature. It is difficult to specu-
late whether the catalyst undergoes further reduction when
subjected to the conditions used for ethane dehydrogenation.
Overly aggressive reducing conditions would be expected to
sinter the transition metals yet the XRD pattern for the catalyst
calcined and tested at 500°C (Figure 2) does not show any evi-
dence of a metallic phase being present in the sample after
testing. The XPS and XRD results indicate that the catalyst is
suitably stable to the reducing conditions encountered in this
study and suggests that the catalysts are fully reduced in 40%
H, at 300°C and do not undergo further reduction when tested
as ethane dehydrogenation catalysts.
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Effect of Zn on the activity, selectivity, and stability of
ethane dehydrogenation

The conversion and selectivity of the bimetallic PtZn-ETS-
2 catalysts toward ethane dehydrogenation was tracked over a
period of at least 2 h to ensure that the system was at steady
state and to allow for a measurable amount of coke to form on
the surface of the catalysts.

The ethane conversion and ethylene selectivity (calculated
using Eq. 1) with respect to time for the various catalysts are
shown in Figures 6 and 7, respectively. The HSC software
package from Outotec.com was used to calculate the ideal
conversion of ethane at 510°C (5.1%) and 515°C (5.5%). The
temperature of the bed was measured using a thermocouple
inserted in the middle of the bed (Figure 1). The placement of
the thermocouple may not capture thermal gradients across the
bed and it is reasonable to expect, particularly with an endo-
thermic reaction, that outer portion of the bed may be hotter
than the center. Being endothermic, the dehydrogenation reac-
tion is highly sensitive to temperature and an uncertainty of
even a few degrees can significantly change the expected
degree of conversion.

Figure 6 demonstrates that the conversion of ethane over
the 1% Pt-ETS-2 catalyst (labeled as 0% Zn) was low and that
the activity was not stable over the duration of the measure-
ment. The addition of 0.5% Zn did not significantly improve
the conversion although the stability of the catalyst over time
was greatly improved. For Zn loadings at and in excess of 1
wt %, the thermodynamic equilibrium values for ethane con-
version at the experimental temperature were achieved and all
of the samples displayed excellent stability over time. The
slight downward trend seen with these samples may be the
result of progressive catalyst deactivation or, more likely, is
the result of a minor cooling trend in the furnace and/or bed.
At 120 min, the measured conversion suggests that the major-
ity of the bed was closer to 515°C rather than the 510°C sug-
gested by the thermocouple.

In Figure 7, it can be seen that the ethylene selectivity
increased with time for the 1% Pt-ETS-2 catalyst but consis-
tently remained below 100% due to the constant presence of
methane in the product gas (an indicator of undesirable side
reactions). The addition of 0.5 wt % Zn to 1% Pt-ETS-2
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Figure 7. Ethylene selectivity over 1% Pt-ETS-2 cata-
lysts modified with different Zn contents at
510°C, WHSV=0.87 h™".

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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provided an improvement in catalyst stability but did not sig-
nificantly alter the selectivity of the catalyst as side reactions
were still present evidenced, again, by CH4 in the product
stream. At Zn loadings of 5% and above, a significant
improvement in selectivity is noted which was not necessarily
implied from the conversion data in Figure 6. At and above
5% Zn, product stream contained only an equilibrium mixture
of ethane, ethylene, and hydrogen. The absence of any meas-
ureable concentration of methane suggests the catalysts are
wholly selective toward ethylene dehydrogenation. The obser-
vation that higher Zn contents not only improved catalyst
activity, but significantly increased ethylene selectivity,
implies that the Zn is acting as a promoter and, through inter-
metallic bonding, has changed the electronic properties of
active Pt metal phase31 in such a way as to prevent the forma-
tion of methane.

The methane seen in the product stream for several of the
catalyst compositions is the main side product of ethane dehy-
drogenation and isotopic labeling tests have shown that ethyl-
ene is the precursor for methane production.” Ethylene
readsorption is, therefore, the main contribution to methane
and coke formation.’ Yagasaki and Masel*® found that coke
and methane were mainly formed on the (1 X 1)Pt(110) sur-
face by the decomposition of adsorbed ethylene (7-bonded) at
elevated temperatures. The key to suppress coke deposits and
methane by-product was to prevent the readsorption of ethyl-
ene onto the Pt surface.” Rodriguez and Kuhn* investigated
chemical and electronic properties of Pt bimetallic surfaces,
and concluded that the formation of PtZn bimetallic bond on
Pt(111) surfaces caused the density of Pt 5d electrons to shift
to 6s and 6p. Zn has the similar electronic perturbations as
early transition metals (Group 3, 4 metals) to Pt, but larger
than late transition metals (Group 8—11 metals, by the [UPAC
definition). The presence of zinc on the surface of Pt-ETS-2
causes electronic perturbations in the Pt which weakens the
strength of the Pt(5d) m-bonding interactions, and subse-
quently reduces the ability of the Pt to chemisorb ethylene and
hence cause side reactions. The contribution of electron den-
sity from the platinum 7-bonding orbital to zinc is supported
by the XPS results which showed an decrease in the binding
energy of the 2ps, electrons for Zn(0). The ability of Zn to
suppress readsorption of ethylene is augmented by the open
surface characteristics of ETS-2 which, lacking any pore struc-
ture, cannot concentrate the cracked products into micropores
or hinder the desorption of cracked products. The intrinsic
properties of the PtZn catalyst system coupled with the nonpo-
rous architecture of ETS-2 allows for virtually complete selec-
tivity for ethane dehydrogenation for several bimetallic
compositions.

To confirm that the methane observed with some of the
catalyst formulations was due to conventional ethane dehy-
drogenation side reactions—which are known to produce
coke—TG-MS was employed to study the combustion prod-
ucts liberated from spent samples of catalyst. The TG-MS
traces of the spent 1% Zn 1% Pt-ETS-2 and 5% Zn 1% Pt-
ETS-2 catalysts are shown in Figure 8. Prior to the TG-MS
measurements, both catalysts were exposed to a continuous
flow of ethane at 600°C for about 4 h. The higher tempera-
ture was selected to increase the degree of ethane conver-
sion and to accelerate the rate of coke formation on the
surface of the catalyst.

For the catalyst with 5 wt % Zn, the weight loss out to
600°C was only 2.2 wt % and the absence of any signal above
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Figure 8. TG-MS analysis of catalysts (a) 1% Zn-1% Pt-
ETS-2 and (b) 5% Zn-1% Pt-ETS-2 tested at
600°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

baseline for the CO, fragment in the MS trace establishes that
all the weight loss was associated with water that was either
physically adsorbed on the surface or present as hydroxyl
groups terminating the surface of the titanate particles. For the
1 wt % Zn catalyst, however, a CO, peak centered at 300°C is
evident in the MS trace. The combustion of coke at such tem-
peratures is reasonable as the coke was deposited at a rela-
tively low temperature compared with the higher temperature,
thermal cracking process which forms more graphitic coke.
The MS trace confirms the presence of coke on the surface of
the catalyst and confirms that conventional side reactions were
responsible for the observed reduction in catalyst selectivity.
The amount of total weight loss for the 1% Zn sample was 3.6
wt % which suggests a coke content of about 1.5 wt %. While
the product gas composition was not measured, the absence of
coke on the 5% Zn catalyst suggests catalysts having higher
Zn loadings maintain their selectivity at temperatures as high
as 600°C.

An unexpected sensitivity was found when the conversion
and selectivity of the various catalysts was measured as a
function of the weight hourly space velocities (WHSV) of the
reactant gas. The results of this study are summarized in Fig-
ure 9. The conversion and selectivity for the catalysts contain-
ing less than 5% Zn are profoundly affected by increasing the
space velocity of the ethane feed gas. At lower velocity, a Zn
loading of 5 wt % was necessary to achieve complete conver-
sion and selectivity but by increasing the space velocity of the
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feed gas by a factor of 1.3, catalyst compositions as low as 1%
Zn are able to achieve complete conversion and selectivity. At
the higher velocity, catalysts containing Zn loadings from 1 to
7.5 wt % were all equally capable of generating an equilibrium
mixture of ethane, ethylene, and hydrogen without any meas-
urable side reaction.

The effect of the feed rate on the conversion and selectivity
was studied across a wider range of velocities for two catalyst
compositions and the results are shown in Figure 10. For the
2% Zn catalyst (Figure 10a), a step change is evident at around
WHSV = 1.1 after which the ethylene selectivity is maxi-
mized. The selectivity of the 5% Zn sample (Figure 10b)
shows no sensitivity to the space velocity of the reactant gas
and the selectivity of the catalyst remains flat across the entire
range tested. Even at low space velocities, the 5% Zn compo-
sition generates an equilibrium mixture of ethane, ethylene,
and hydrogen in the absence of any measurable side reactions.

The ethane conversion for both catalysts decreases with
respect to WHSV which might suggest that the gas is not
reaching equilibrium over the catalyst as the feed velocity
increases. The selectivity for the 5% Zn catalyst, however,
remains unchanged across the entire range of velocities tested
which suggests that the catalyst is not significantly influenced
by the space velocity of the feed gas. The monotonic decrease
in ethane conversion as a function of WHSV is similar for

6
100
5
=x
% 4 99 &
c >
° -
= 5
g 3 @
2 98 2
S 2 I
~
97 ©
1
0 96
6
100
5
x
e 4 9 2
=~ >
S 3 £
& 9g 2
o A
>
g 2 <t
S &
97
1 (8]
(b)
0 96
0 2 4 6 8

Zn, wt%

Figure 9. Effects of Zn content on 1% Pt-ETS-2 cata-
lyst on conversation and selectivity at (a)
WHSV =0.87 h™! and (b) WHSV=1.14 h™' at
510°C.
The dashed lines represent the ideal equilibrium conver-
sion at 510 and 515°C. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 10. Effects of WHSV on conversion and selectiv-
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The dashed lines represent the ideal equilibrium con-
version at 510 and 515°C. [Color figure can be viewed
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brary.com.]

both catalysts which was unexpected for catalysts having
measurably different ethylene selectivities with respect to the
same variable. The trend for ethane conversion is more likely
due to a cooling trend in the bed brought about by the greater
mass flow of gas into the catalyst bed. The reactor system
shown in Figure 1 was not specifically designed to preheat the
higher gas flows and it is reasonable to assume that the gas
enters the catalyst bed at a progressively lower temperature as
the gas velocity is increased. The cooling effect of the gas
needs only to be about 5°C to explain the trend seen in
Figure 10.

Conclusions

The combination of Zn with Pt on the surface of the titanate
ETS-2 generates a catalyst capable of complete selectivity at
steady state for a range of bimetallic compositions and across
a range of space velocities. The platinum acts on the Zn to
reduce it at a much lower temperature than predicted by ther-
modynamics due to the formation of hydrogen ions over the
platinum metal centers. The zinc metal subsequently interacts
with the Pt through intermetallic bonding to mute the tendency
Pt has to readsorb ethylene and subsequently produce methane
and coke.
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