Heterogeneous Pt-catalyzed transfer dehydrogenation of long-chain alkanes with ethylene
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Abstract

The dehydrogenation of long-chain alkanes to olefins is a challenging endothermic reaction, typically
requiring harsh conditions which can lead to low selectivity and coking. More favorable
thermodynamics can be achieved by using a hydrogen acceptor, such as ethylene. In this work, the
potential of heterogeneous platinum catalysts for the transfer dehydrogenation of long-chain alkanes is
investigated, using ethylene as a convenient hydrogen acceptor. Pt/C and Pt-Sn/C catalysts were
prepared via a simple polyol method and characterized with CO pulse chemisorption, HAADF-STEM,
and EDX measurements. Conversion of ethylene was monitored via gas-phase FTIR, and distribution
of liquid products was analyzed via GC-FID, GC-MS, and 1H-NMR. Compared to unpromoted Pt/C,
Sn-promoted catalysts show lower initial reaction rates, but better resistance to catalyst deactivation,
while increasing selectivity towards alkylaromatics. Both reaction products and ethylene were found to
inhibit the reaction significantly. At 250°C for 22h, TON up to 28 and 86 mol/(mol Pt) were obtained
for Pt/C and PtSn2/C, respectively, with olefin selectivities of 94% and 53%. The remaining products
were mainly unbranched alkylaromatics. These findings show the potential of simple heterogeneous
catalysts in alkane transfer dehydrogenation, for the preparation of valuable olefins and alkylaromatics,
or as an essential step in various tandem reactions.

Introduction

The catalytic dehydrogenation of cheap and abundant alkanes to form valuable olefins has been a major
focus of catalysis research for decades, as olefins are a versatile feedstock for further synthesis of
numerous chemicals and materials. Given the undeniable importance of this reaction, it is no surprise
that many different approaches exist, including direct alkane dehydrogenation, oxidative
dehydrogenation, and transfer dehydrogenation1—4. Direct dehydrogenation of alkanes is widely applied
in industry, for instance for the on-purpose production of propylene from propane. These processes
typically use either supported chromium oxide or supported platinum catalysts. Although chromium
catalysts have become less widespread due to their high toxicity, they are still used in the Catofin process
by Lummus5—7. Notable Pt-based direct dehydrogenation processes include the UOP Oleflex process,
utilizing a Pt-Sn catalyst supported on an alumina support and promoted with an alkali metall,8, the
Uhde STAR process, consisting of Pt-Sn supported on zinc-calcium aluminatel1,9, and the Linde/BASF
PDH process, which switched from a chromia/alumina system to the current Pt-Sn supported on
zirconial,10. Considering the high cost of platinum, significant research focuses on non-noble metal
catalyzed dehydrogenation, for example based on nickel, but the lower productivity of these systems
has thus far prevented their application11-13. A major limitation of the direct alkane dehydrogenation
is the high endothermicity of the reaction, requiring very high temperatures (550-600°C for propane
dehydrogenation), which can lead to significant side reactions like cracking and coke formation.
Processes for the dehydrogenation of longer alkanes (C10-C14) use similar catalysts, but are usually



operated at lower temperatures (450-500°C) and lower conversions (10-20%) to prevent excessive side
reactions14.

Oxidative alkane dehydrogenation uses an oxidant, typically oxygen, to effectively remove
thermodynamic limitations of the alkane dehydrogenation, producing water as a by-product instead of
hydrogen. Catalysts typically consist of reducible metal oxides, often vanadium oxide, although recently
boron nitride and other boroncontaining materials were shown to be effective catalysts as well3,15,16.
Despite favorable thermodynamics, high operating temperatures up to 800°C are still required. Others
have shown that CO2 may also act as a mild oxidant, forming CO and H20O alongside olefins, however,
this reaction is still highly endothermic and requires high operating temperatures17. For longer alkanes,
oxidative processes may not be viable, due to autoxidation to peroxides, or even auto-ignition at
temperatures well below typical reaction temperatures.

Transfer dehydrogenations take a similar approach to circumvent thermodynamic limitations, by
coupling the endothermic dehydrogenation reaction to the exothermic hydrogenation of a sacrificial
alkene. Research on transfer dehydrogenation has so far been limited almost entirely to homogeneous
catalysts, with so called ‘pincer’-complexes of iridium as the most common catalyst type since the work
of Jensen et al. in 199618. Countless variations on this original PCP-pincer ligand have been proposed
and tested in the transfer dehydrogenation reaction2,19,20. The major advantage of these systems is that
reaction temperatures can be reduced to 150-250°C, while excellent turnover numbers can still be
obtained. Operating in the liquid phase, these systems can also be applied easily to long-chain alkanes
and even polyolefins, in contrast to typical dehydrogenation processes. However, synthesis and recovery
of the homogeneous catalysts can be difficult and expensive, which may limit their application in large-
scale operations. Furthermore, while examples exist of catalysts that utilize widely available ethylene
as the sacrificial olefin21,22, the majority of catalysts have only been tested with less ideal hydrogen
acceptors, such as tertbutyl ethylene, and ethylene is likely to cause rapid catalyst deactivation in many
cases21,23.

Catalytic dehydrogenation of longer alkanes and polyolefins that are incompatible with classic
approaches is more relevant than ever, in particular due to a rise in research on catalytic upcycling of
waste polyolefins. A wide variety of polyolefin upcycling processes have been proposed in recent years.
Pyrolysis involves treating the polymer at high temperatures, either with or without catalyst, yielding a
mixture of gases, char, and liquid alkanes, olefins, and aromatics24-26. Although this method is
straightforward, the high energy requirement and low product selectivity may limit the commercial
potential of pyrolysis processes. Alternatively, hydrogenolysis using supported Pt or Ru catalysts has
been proposed as a way to convert polyolefins into waxes and fuels27-31. While these products may
have significant value, fuels are inevitably burned and do not contribute to a circular economy. The
same can be said for alkane metathesis, which consists of tandem (de)hydrogenation and olefin
metathesis reactions using homogeneous or heterogeneous catalysts32,33. Since the olefin products are
re-hydrogenated after metathesis, only saturated fuels and waxes are produced. In contrast, a tandem
dehydroaromatization/hydrogenolysis process was proposed, using only a Pt/Al203 catalyst34. The
desired final products of this reaction are long-chain alkylaromatics, which find uses in the production
of surfactants, for example. Alternatively, a bromination/debromination process was shown to yield
partially dehydrogenated polyethylene, which could be decomposed via ethenolysis35. Most recently,
dehydrogenation and transfer dehydrogenation reactions were proposed for the partial dehydrogenation
of polyethylene, to allow for decomposition to propylene using tandem isomerization/ethenolysis
reactions. In these processes, appreciable yields were obtained with olefinterminated polyethylene, but
a saturated polyethylene partially dehydrogenated over Pt/y-Al203 in the presence of ethylene yielded
only 1wt% propylene, likely due to poor performance of the transfer dehydrogenation36,37. In many of
these processes, hydrogen transfer reactions take place on heterogeneous platinum catalysts. Despite
this, to our knowledge, no thorough investigation of the platinum-catalyzed transfer dehydrogenation of



alkanes as an isolated reaction has been performed. In this work, the transfer dehydrogenation of long-
chain alkanes using simple heterogeneous catalysts is investigated, as an alternative to homogeneous Ir-
pincer systems, using the tetradecane/ethylene couple as a model system.

Experimental
Materials

Activated carbon (Norit GSX) and tin(II)chloride (SnCI2, anhydrous, >98%) were purchased from
Fischer Scientific. Chloroplatinic acid hexahydrate (H2PtC16.6H20, 37.5% Pt) and platinum on alumina
(5 wt%) were purchased from Merck. Ethylene glycol (>99.5%) and platinum on carbon (5 wt%) were
obtained from Acros Organics. n-Tetradecane (>99%) was purchased from TCI Europe. Ethylene
(>99.5%) was obtained from Air Liquide. Products were used as received without further purification.

Catalyst preparation

Carbon-supported Pt-Sn catalysts were prepared via a simple onepot polyol method. SnCI2 and HCI
were first dissolved in ethylene glycol. H2PtCl6 was added to this mixture as an aqueous solution (0.1
g/ml). The typical platinum concentration was 2.5 mM. HCI concentration was kept equal to the
platinum concentration, and Sn was added in different ratios. Activated carbon was added under constant
stirring to reach a nominal Pt loading of 5 wt%. After stirring for 2 hours, the mixture was heated in an
oil bath to 140°C and held at this temperature for 3 h before it was allowed to cool to room temperature.
The resulting solid catalyst was recovered by filtration and rinsed with distilled water until the pH of the
filtrate was neutral, then dried in an oven at 60°C overnight.

Catalyst characterization
CO Chemisorption

Pt dispersions were determined via CO pulse chemisorption on a ChemBET Pulsar instrument. Catalyst
samples were placed in a Ushaped quartz tube and activated in flowing hydrogen at 250°C for 1 h.
Adsorbed hydrogen was then removed in flowing He at 250°C for 1 h, before cooling to room
temperature. The activated sample was then subjected to automated CO pulse chemisorption analysis at
40°C. CO adsorption was quantified using a thermal conductivity detector. The Pt dispersion was
calculated assuming a CO/surface Pt stoichiometry of 1. Equivalent particle sizes were calculated
assuming spherical particles.

N2 Physisorption

Texture analysis of catalysts was performed via physisorption of N2 at 77K. Samples were degassed at
200°C for 6 hours prior to analysis.

The Brunauer-Emmett-Teller (BET) method was used to determine specific surface areas. The Barett-
Joyner-Halenda method was used to determine pore size distributions. Isotherms and textural
characteristics are provided as supporting information (Figure S1, Table S1)

NH3 TPD

Temperature programmed desorption of ammonia to determine catalyst acidity was performed using a
ChemBET Pulsar instrument. Catalyst samples were activated as for CO chemisorption. The activated
samples were then saturated with NH3 at ambient temperature in flowing NH3 for 30 minutes. Weakly
adsorbed NH3 was removed in flowing He at 100°C. TPD data was then collected from 100°C to 600°C
at a heating rate of 10°C/min. A baseline for each sample was obtained by the same procedure without
the NH3 saturation step. The negative signals above 300°C are ascribed to Pt catalyzed decomposition



of NH3 and subsequent desorption of H2 38. For this reason, only the initial desorption peaks were used
to determine acid site density.

TEM imaging

Carbon supported Pt and Pt-Sn catalysts were drop-casted (3 pl) on a holey carbon TEM grid. High
Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) were carried
out on a Tecnai Osiris (Thermo Fisher Scientific) TEM operated at 200 kV. High resolution STEM
images were acquired using an aberrationcorrected cubed Titan (Thermo Fisher Scientific) operated at
300 kV. The Energy Dispersive X-ray spectroscopy (EDX) measurements were performed using a
ChemiSTEM system and analyzed using the Bruker Esprit software. HAADF-STEM images and EDX
maps were acquired with respectively 50 pA and 150 pA beam current.

XPS analysis

XPS measurements were performed on a Kratos Axis Supra photoelectron spectrometer employing a
monochromated Al Ka (1486.7 eV, 120 W) X-ray source, hybrid (magnetic/electrostatic) optics and a
hemisphere analyser. The analyser was operated in fixed analyser transmission (FAT) mode with survey
scans taken at a pass energy of 160 eV and high-resolution scans at a pass energy of 20 eV. The samples
were measured at normal emission, in electrical contact with the spectrometer. The binding energy scale
was referenced to Ag 3d5/2 at 368.21 eV measured on the same day as the analysis and under the same
conditions. Spectra were processed using CasaXPS (2.3.26rev1.2Q). Elemental quantification was
performed using relative sensitivity factors derived from Scofield cross-sections, corrected for the
angular distribution of photoelectrons (y = 60°) and the electron attenuation length according to Seah39.
The instrument transmission function was characterized with a NPL transmission function40. The
resulting atomic concentrations represent the homogeneous equivalent composition and do not take into
account the nanostructure of the material.

Transfer dehydrogenation

Dehydrogenation reactions were conducted in a 50 mL stainless steel Parr reactor. In a typical reaction,
10 mL of n-tetradecane was added to the catalyst without additional solvent and the reactor was purged
with high-purity N2 and H2. The mixture was stirred at 350 rpm and heated to the reaction temperature
under a hydrogen atmosphere to activate the catalyst, then purged with nitrogen. Ethylene was then
added to the reactor to reach the desired partial pressure, typically between 0.5 and 2 bar. No further
ethylene dissolution was observed, indicating the liquid phase was saturated with ethylene.

Alternatively, ethylene was continuously fed into the reactor with a mass flow controller, while keeping
the reactor at constant pressure via a backpressure regulator. Simplified diagrams of both set-ups are
provided as supplementary information (Figure S3). Reaction times are reported starting from the
addition of ethylene. To stop the reaction, the reactor was quenched in an ice-bath.

Product analysis

Gas phase samples were taken at several points during the reaction and the composition was analyzed
via Fourier Transform Infrared Spectroscopy (FTIR). The gas samples were injected into a constant
nitrogen flow and analyzed with a Gasmet DX4000 FTIR detector. The gas-phase composition was
determined from the FTIR spectrum using Calcmet software. Ethylene conversion was then calculated
from the observed ethane/ethylene ratio in each sample. Ethylene consumption (in mmol) is calculated
based on an estimated headspace volume of 58 ml.

Liquid products were quantified via GC-FID, on a DB-FFAP capillary column. The oven program was
adjusted to allow separation of tetradecenes from tetradecane. Concentrations of C14 products are
approximated using a simple area% approach, which was confirmed to be a good approximation using



authentic samples of ntetradecane, 1-tetradecene, and 1-phenyloctane. Differences in the FID response
factors were found to be below 5% within the relevant concentration range.

1H-NMR spectra were also collected for several samples to verify results as obtained by GC. The liquid
product, dissolved in CDCI3, was analyzed in a Bruker Avance III HD 400 MHz spectrometer equipped
with a 5Smm PABBO BB SmartProbe, using the zg30 pulse program.

The spectrum was processed using Bruker TopSpin software. Products were further identified via GC-
MS, using a VF-WAXms column for separation. Mass spectra obtained for the major products were
compared to the NIST11 library for identification.

Results and discussion

Platinum catalysts were selected from a preliminary screening of several commercially available
catalysts for their activity in the transfer dehydrogenation of n-tetradecane with ethylene at 250°C and
1 bar ethylene. Ru/C and Ni/SiO2 were quickly disqualified, as significant hydrogenolysis reactions
were observed, producing undesired methane. The activity of Ru and Ni for hydrogenolysis of alkanes
is well-known in literature13,28,41. Pd/C and Pt/C both showed potential, with good selectivity towards
tetradecenes, and only C14- alkylaromatics as major by-products, but with significantly higher activity
for Pt/C. Pt/C was thus selected as the reference material for further investigations.

Ethylene consumption, measured at several points in the reaction, and product analysis after 6h for both
S5wt% Pt/C and a commercially available 5 wt% Pt/A1203 are shown in Figure 1. In the absence of
catalyst, only traces of ethane and tetradecenes were detected. In a reaction containing Pt/C, but no
ethylene, no gas phase organic components were observed on FTIR and only trace amounts of
tetradecenes were detected in the product. This shows that the presence of a hydrogen acceptor, in this
case in the form of a sacrificial alkene, is crucial to the reaction under these conditions. The time profile
of ethylene consumption shows a severe decrease in activity after the first hour for both catalysts, but
more than two times higher activity for Pt/C than for Pt/A1203. Therefore, Pt/A1203 was not further
investigated. Textural characteristics, as determined by N2 physisorption (Figure S1, Table S1), show
notably larger pores and a lower specific surface area for Pt/Al203 compared to carbonsupported
catalysts. Given the very similar Pt dispersion as determined by CO chemisorption, and the identical
pretreatment under H2, the large difference in activity between Pt/C and Pt/A1203 is expected to be due
to particle/support interactions, which alter the electronic state of the platinum particles42,43.
Alternatively, the higher surface acidity of the alumina support compared to carbon44,45 may cause
coking and other side reactions, leading to more rapid deactivation. NH3 TPD (Figure S2) indeed shows
more and stronger acid sites for the AI203-supported catalyst, but acidity for both materials is almost
negligible. Furthermore, no aromatics, branched hydrocarbons, or other evidence of increased
acidcatalyzed reactions were found in the liquid phase. Results are consistent with the assumption that
practically all hydrogen produced in dehydrogenation and dehydroaromatization reactions is consumed
in the ethylene hydrogenation, with only minor deviations in the hydrogen balance of the reaction.
Typical FTIR spectra, gas chromatograms, and GC-MS and 1H-NMR analyses are provided as
supplementary information (Figures S4-8). Aside from olefins and alkylaromatics, traces of dienes or
cyclic alkenes were also observed as a number of very small peaks, but these were not quantified. Trienes
or cyclic dienes were not detected and are expected to be converted rapidly to alkylaromatics. Olefins
appear to be present as a thermodynamic mixture of linear tetradecenes, with only minor amounts of 1-
tetradecene. This is to be expected in the presence of small amounts of hydrogen on a noble metal
catalyst, with isomerization occurring through a half-hydrogenated state, as in the Horiuti-Polanyi
mechanism46,47 Similarly, aromatics appear to be almost exclusively unbranched o-dialkylaromatics,
with minor amounts of 1-phenyloctane. No evidence for branching or cracking reactions was observed,
likely due to the limited acidity of the carbon support and the relatively mild reaction conditions.



p-J
o
Y
el

Ethylene consumption [mmol]

Time [h]

0.8% * +* * 100%

50%

Product yield
(=]
s
Olefin selectivity

Pt/AI203 Pt/C No catalyst Pt/C, acceptorless

@D Olefins @ Aromatics & Selectivity

Figure 1: A) Ethylene consumption over 5wt% Pt/C (®); 5wt% Pt/AI203 (¢); without catalyst (A). B)
GC yield of Cl4 products (olefins and alkylaromatics) and selectivity towards olefins. Reaction
conditions: 0.05 mmol Pt in 10 ml n-tetradecane (38.4 mmol), 1 bar ethylene at t=0 (1.15 mmol), 250°C,
6h

Inspired by industrially applied propane dehydrogenation processes such as STAR and OleFlex1,8,9,
Sn-promoted Pt catalysts were prepared on an activated carbon support, and tested under identical
conditions, but with reaction times up to 22 hours. The results of these reactions are shown in Figure 2.
The behavior of these Pt-Sn catalysts is clearly distinct from that of unpromoted Pt/C. The observed
dehydrogenation rate is essentially constant in the first six hours of the reaction, compared to the rapid
deactivation of the Pt/C. Indeed, Pt-Sn catalysts are known to show decreased catalyst deactivation in
alkane dehydrogenation reactions, due to both electronic and geometric effects. In propane
dehydrogenation, Sn promotes the desorption of propylene48,49 and olefin adsorption studies on model
surfaces clearly show improved molecular desorption of olefins on Pt-Sn alloys50. Indeed, many XPS
and EXAFS studies indicate increased electron density on Sn-promoted Pt catalysts51-53. Note that,
while initial ethylene pressure was always 1 bar, ethylene was added to the reactor when gas phase
samples indicated ethylene would run out otherwise. These additions did not appear to significantly alter
the reaction rate or deactivation behavior. Compared to the 6 hour reaction, selectivity on the Pt/C
catalyst decreases slightly, which is to be expected from the higher olefin concentration and reaction
time. The ethylene hydrogenation rate increases as the Sn:Pt ratio increases from 1/3 to 2, but decreases
strongly as the ratio is further increased to 4. For PtSn2/C, up to 4.3 mmol of ethylene was hydrogenated,
or 86 mol/(mol Pt). Under these conditions, only 12 mol/(mol Pt) was hydrogenated over Pt/C.
Unexpectedly, with increasing Sn:Pt ratio, selectivity shiftsdramatically towards aromatics. This seems
counterintuitive, as Sn is expected to promote desorption of tetradecenes. PtSn2/C was chosen for further



investigation and comparison to Pt/C, as the change in activity and selectivity is most pronounced here.
A control reaction using a mixture of Pt/C and SnO2/A1203 showed no significant difference to Pt/C,
indicating that the increased aromatization is indeed catalyzed by the Pt-Sn particles, rather than by
isolated Sn or acid sites. NH3 TPD (Figure S2) shows slightly stronger, but fewer acid sites for the
PtSn2/C catalyst, but this difference is unlikely to explain the major shift in selectivity. One possibility
is that the Pt-Sn phase favors reversible adsorption of olefins via m-bonding, which may promote
dehydrogenation of adjacent C-C bonds and subsequent aromatization. In contrast, unpromoted Pt may
adsorb olefins via strong c-bonds, which can lead to the formation of alkylidyne species and elemental
carbon, deactivating the catalyst.

Ethylene consumption [mmol]

0 2 4 6 8 10 12 14 16 18 20 22
Time [h]
B 45% 100%
4.0% =

3.5%

-

- 3.0% £

a s

> 2.5% b

B 50% @

3 2.0% -

e =

a 15% g
1.0%
0.5%

0.0% 0%

Pt3sSn/C PtSn/C PtSn2/C PtSn4/C

B Olefins B Aromatics & Selectivity

Figure 2: A) Ethylene consumption over 5wt% Pt/C (O); 5wt% Pt3Sn/C (A ); 5wt% PtSn/C (+);
Swit% PtSn2/C (m); Swt% PtSn4/C (). B) GC yield of C14 products (olefins and alkylaromatics) and
selectivity towards olefins. Reaction conditions: 0.05 mmol Pt in 10 ml n-tetradecane (38.4 mmol), 1
bar ethylene at t=0 (1.15 mmol), 250°C, 22h.

Pt/C and PtSn2/C were analyzed via HAADF-STEM and EDX (Figure 3), XPS (Figure 4, Table 1),
and CO chemisorption (Table 2) before and after reaction. Fresh samples were reduced in hydrogen at
250°C and kept under nitrogen before analysis. Post-reaction samples were washed with pentane and



dried under nitrogen flow before analysis. Pentane was chosen to remove tetradecane and soluble
products, without removing potential carbon deposits from the Pt surface.



Figure 3: HAADF-STEM and EDX (Pt = red, Sn = green, C = blue) imaging of 5wt Pt/C (4-D) and
PtSn2C (E-K). A) 5wt% Pt/C, fresh; B) 5wt% Pt/C, post reaction; C) 5wt% Pt/C, post reaction, signs
of Pt sintering; D) 5wt% Pt/C, post reaction, contrast is reduced by carbon contamination after EDX
mapping; E) 5wt% PtSn2/C, fresh; F-G) 5wt% PtSn2/C, fresh, EDX map shows Pt-rich cores and Sn-
rich shells;, H-I) 5wt% PtSn2/C, post reaction, larger structures observed, EDX shows mainly Sn in
these structures; J-K) PtSn2/C, post reaction, higher magnification shows small Pt clusters on the larger
Sh structures.

STEM-EDX analysis shows that Pt/C consists mainly of Pt particles around 2-3 nm in size, with some
larger particles up to 15 nm. The average particle size is 3.22 nm (¢ = 0.11 nm). After reaction, there
are clear signs of sintering and the average particle size increases to 4.15 nm (o = 0.16 nm). Interestingly,
after EDX analysis, carbon contamination is observed in the sample. This may indicate the presence of
adsorbed carbon atoms on the surface which formed a carbon layer upon exposure to the electron beam.
The PtSn2/C catalyst is shown to consist of well-dispersed particles around 2 nm in size. Upon closer
inspection, most particles appear to contain a Pt-rich core and Sn-rich shell, and no monometallic Pt
particles are observed. The core-shell structure can be explained by the mild reduction in ethylene glycol
at 140°C, which only allows for reduction of the less noble Sn in the presence of Pt nuclei54. Additional
Sn may be deposited as tin oxides. A few larger clusters consisting almost exclusively of Sn are
observed. The 2:1 Sn:Pt ratio in this catalyst likely leads to an excess of Sn which agglomerates in these
larger structures. After reaction, dispersion of Pt remains high, with minimal signs of sintering.
However, more of the large Sn clusters appear, indicating that some of the Sn is mobile. These may be



formed by excess Sn that is not stabilized in bimetallic particles, and might not affect the catalytic
properties. The core-shell structure of the bimetallic particles remains intact and likely stabilizes the
catalyst towards sintering. No carbon contamination is observed on this catalyst, despite identical post-
reaction treatment, which may indicate that no residual carbon atoms were adsorbed to the surface. XPS
analysis of the catalysts shows only a single Pt species for both Pt/C and PtSn2/C, corresponding to
Pt(0) (70.9 eV —71.2 eV). For the PtSn2/C catalyst, two Sn species appear to be present. The species at
higher binding energy (487.4 eV) is assigned to SnO2, while the

species at lower binding energy (486.1 eV) is tentatively assigned to SnO, as the binding energy is higher
than would be expected for metallic Sn55,56. However, these oxidized states of Sn are typically
almost indistinguishable by XPS. Another possibility is that this species corresponds to electron-
deficient metallic Sn, for example through electron donation to adjacent Pt. Regardless, the majority of
Sn in the catalyst is in an oxidized state. While it is possible that some additional oxidation occurred in
ambient atmosphere during sample handling, Sn is not expected to be fully reduced at typical reduction
conditions. The observed surface atomic ratio of Sn to Pt is 3.47, compared to the nominal ratio of 2 in
the catalyst. This further supports a core/shell structure of the catalyst, as observed in TEM images.
Additional XPS data is provided as supplementary information (Table S2).
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Figure 4: (a) Pt 4f region of the XPS spectrum for Pt/C (b) Pt 4f region and (c) Sn 3d region of the
XPS spectrum for PtSn2/C

Table 1: XPS data for Pt/C and PtSn2/C

P.t Af.m Sr.‘ 3(.15” Sn/Pt (atomic
Catalyst Binding Binding .
ratio at surface)
Energy (eV) Energy (eV)
Pt/C 70.90 i |
487.35
(Sn0O,, 74%)
PtSn,/C 71.16 P 3.47
(Sn0O, 26%)

CO chemisorption data, summarized in Table 2, correspond well with the average particle size observed
on STEM images for the fresh Pt/C catalyst. Dispersion of the Pt/A1203 catalyst is very similar, and is
assumed to be representative of the average particle size. For PtSn2/C, a large difference is obtained



between particle size calculated from CO chemisorption and observed on STEM images. In the presence
of Sn, a significant fraction of Pt atoms appear to be covered by Sn, leading to an actual CO/Pt
stoichiometry below 1. Electronic effects may also decrease the affinity of CO for the surface. After
reaction, CO chemisorption on both catalysts decreased significantly, despite relatively minor changes
in particle size as observed on STEM images. For Pt/C, the likely cause is the presence of strongly
adsorbed hydrocarbon species and elemental carbon on the Pt surface. For PtSn2/C, the effect of carbon
deposition is expected to be lower. However, the observed mobility of Sn during the reaction may lead
to blocking of additional surface Pt, and a further decrease of the CO:Pt stoichiometry.

Table 2: Pt dispersion and equivalent average particle size based on CO pulse chemisorption analysis
a Calculated assuming all Pt atoms on the exterior of particles are available for CO chemisorption in
a 1:1 CO:Pt stoichiometry

Equivalent Particle
Sample Pt dispersion particle size
size® (TEM)

5 wt% Pt/C (fresh) 29% 2.9 nm 3.2 nm
5 wt% Pt/Al,O; (fresh) 30% 2.8 nm -
5 wt% PtSn,/C (fresh) 13% 2.8 nm ~ 2 nm
5 wt% Pt/C (used) 10% 11 nm 4.1 nm
5 wt% PtSn, (used) 2.5% 45 nm ~2nm

Kinetic experiments to determine the influence of temperature and ethylene pressure, were performed
with both Pt/C and PtSn2/C. For these experiments, reaction time was limited to 30 minutes, to avoid
catalyst deactivation as much as possible. Shorter reaction times were not attempted as thermal
equilibration and ethylene mixing and dissolution might reduce reproducibility of the reaction. Results
at temperatures ranging from 220°C to 260°C are shown in Figure 5. Both ethylene consumption and
tetradecene production show good linearity in the Arrhenius plot. As expected, increasing the
temperature increases catalyst activity for both catalysts. It is clear that the effect of temperature is much
larger for PtSn2/C than for Pt/C. Deviations from the expected hydrogen balance, that is, the ratio
between ethylene hydrogenation and alkane dehydrogenation, are larger than in previous experiments,
and specifically for Pt/C, a lower than expected C14-olefin yield is observed, with greater deviations at
lower temperatures. It is possible that, at the short reaction time, reactions that would otherwise be
negligible have relatively large effects. The increase in ethylene hydrogenation that cannot be attributed
to alkane dehydrogenation could for example arise from residual hydrogen on the activated catalyst, or
from ethylene self-hydrogenation57. Small amounts of products may also remain adsorbed on the
carbon-supported catalyst. These deviations also lead to somewhat different values for the apparent
activation energy derived from the Arrhenius plot, leading to a significant margin of error. However,
the error range is small compared to the difference between the catalysts. Specifically, the calculated
apparent activation energy for Pt/C 60 £ 5 kJ/mol, while for PtSn2/C an activation energy of 151 £ 5
kJ/mol is obtained. The large increase in activation energy for PtSn2/C is consistent with DFT
calculations that show that promotion with Sn increases the activation energy for alkane and olefin
adsorption48,49. The rate-limiting step in this reaction is most likely the difficult alkane adsorption
through activation of a strong C-H bond. Despite a slight decrease in selectivity, increasing the
temperature appears to be a valid method for increasing the reaction rate or decreasing catalyst loading,
with no observed side reactions such as cracking or hydrogenolysis. For the purpose of this investigation,
however, the reaction temperature is kept at 250°C.
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Figure 5: A) Arrhenius plot for Swt% Pt/C (=) and 5wt% PtSn2/C (---), based on initial rate of ethylene
hydrogenation (®) and initial rate of tetradecane dehydrogenation (¢). B) GC yield of C14 products
(olefins and alkylaromatics) and selectivity towards olefins at different temperatures. Reaction
conditions: 0.05 mmol Pt in 10 ml n-tetradecane (38.4 mmol), 1 bar ethylene at t=0 (1.15 mmol), 0.5h.

When investigating the effect of ethylene pressure (0.5-2 bar), Figure 6 clearly shows adverse effects of
increasing the pressure for both catalysts. The largest effect can be seen at low ethylene pressure

over the Pt/C catalyst, where ethylene consumption and tetradecane production rates both increase by a
factor of more than 2, as pressure is decreased from 1 to 0.5 bar. The PtSn2/C catalyst appears to be less
sensitive to changes in ethylene pressure, although a significant rate increase is still observed as pressure
decreases. The negative effect of ethylene pressure can likely be understood in terms of both competitive
adsorption with alkanes and catalyst deactivation via irreversible adsorption. On a platinum surface,
ethylene is known to adsorb strongly in three-fold hollow Pt sites, as ethylidyne species. At high
temperatures (>450K), ethylidyne may undergo further dehydrogenation to carbon deposits. Sn-
promoted catalysts may suppress the catalyst deactivation by ethylene through electronic effects, by
reducing the adsorption energy of ethylene, and by geometric effects, by diluting the Pt surface, reducing
the amount of three-fold hollow adsorption sites available for ethylidyne formation. However, much
discussion still persists in literature on the exact nature of the promotion by Sn 48,49,57-59. As with
the temperature experiments, the measured ethylene consumption does not exactly match the observed
olefin yield, although both values follow the same trends. Specifically, as pressure decreases, more
ethylene appears to be consumed that cannot be linked directly to alkane dehydrogenation, likely due to
residual hydrogen and/or ethylene self-hydrogenation. Overall, it is clear that the obtained results cannot



be fitted with a simple power law for ethylene. When calculating the kinetic order of ethylene in the
reaction for Pt/C, it varies from approximately -1.5 at low pressures (between 0.5 and 0.75 bar) to -0.5
at higher pressures (between 1.5 and 2 bar). For PtSn2/C, these calculations yield an order of only -0.5
in both pressure intervals, based on ethylene hydrogenation rates. When calculating the order from the
olefin yields, the values are generally similar for Pt/C, but the apparent order decreases to only - 0.1 for
PtSn2/C, as very similar olefin yields are observed at 1 and 2 bar ethylene. At low pressures, an increase
in ethylene pressure likely causes a significant increase in sites occupied by ethylene, ethylidyne, or
carbon deposits, while further increases have less effect as preferential adsorption sites are depleted.
Deposited cokes may also alter the electronic state of platinum, decreasing further carbon deposition60.
Based on this observed dependence of the reaction rate on the ethylene pressure, ethylene pressure
should be kept low throughout the reaction to maintain high dehydrogenation rates and avoid catalyst
deactivation.
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Figure 6: A) Initial ethylene consumption at different initial ethylene pressures over 5wt% Pt/C (A)
and Swt% PtSn2/C (=). B) GC yield of Cl4 products (olefins and alkylaromatics) and selectivity
towards olefins at different initial ethylene pressures. Reaction conditions: 0.05 mmol Pt in 10 ml
ntetradecane

(38.4 mmol), 250°C, 0.5h.

Initially, this was accomplished by adding ethylene to the reactor stepwise, allowing the ethylene to be
consumed at every interval. The result of these experiments, where 0.2 bar ethylene was added every
hour, is shown in Figure 7. In the first 3 hours, practically full conversion of ethylene into ethane was
observed for both catalysts. After 4 hours, 9% residual ethylene was detected for Pt/C, and minimal
further activity was observed in the remainder of the reaction. Compared to previous reactions, it appears
that the stepwise dosing of ethylene may not only allow for high reaction rates due to low pressure, but
could also prevent, or at least delay, catalyst deactivation. This may indicate that early catalyst
deactivation is to a significant extent due to ethylene adsorption and to the formation of irreversibly
adsorbed ethylidyne and carbon. Overall, up to 0.83 mmol ethylene (or 16.6 mol/mol Pt) was consumed



in 4 hours in these conditions, compared to only 0.62 mmol (12.4 mol/mol Pt) in 22h when 1 bar ethylene
was simply added at the start of the reaction. For PtSn2/C, all samples showed less than 5% residual
ethylene, in accordance with previous reactions showing no significant deactivation in this timeframe.
Remarkably, olefin selectivity for PtSn2/C was much higher than anticipated at 91%, while a typical
batch reaction yielded only 70% selectivity towards olefins after 6 hours. The improved selectivity may
be caused by adsorbed hydrogen on the catalyst, which is scavenged more slowly at low ethylene
pressures and may inhibit sequential dehydrogenation and aromatization.
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Figure 7: A) Total ethylene consumption over Swt% Pt/C (A ) and Swt% PtSn2/C (=), 0.2 bar ethylene
(0.23 mmol) is added per hour. B) GC yield of C14 products (olefins and alkylaromatics) and selectivity
towards olefins after 6h. Reaction conditions: 0.05 mmol Pt in 10 ml n-tetradecane (38.4 mmol), 250°C,
0.2 bar/h ethylene (0.23 mmol/h), 6h.

To further expand on the concept of gradually dosing ethylene, the reactor set-up was modified with a
mass flow controller suitable for low ethylene flows. The reactor was kept at atmospheric pressure and
the mass flow controller set to 0.1 mln/min, equivalent to 0.26 mmol/h, or 0.23 bar/h. Outlet tubing was
flushed with nitrogen along with the reactor itself, to prevent oxygen from reaching the reactor, as the
gas flow is very limited. Reactions lasted 22 hours, after which the gas-phase composition at the reactor
outlet was determined (Table 3). For Pt/C, only 10% ethylene conversion was observed at the end of the
reaction, despite an overall conversion of ethylene of 24.5% over the full run. Although only qualitative,
this difference indicates that activity was likely high at the start of the reaction, before severe
deactivation occurred. For PtSn2/C, 55% ethylene conversion was detected after 22 hours, very close to
the calculated overall conversion. In contrast with Pt/C, this indicates that the reaction rate is likely quite
stable during the reaction. The reaction with PtSn2/C was repeated with an extended reaction time of 70



hours, after which only 30% ethylene conversion was still detected, compared to 43.5% overall
conversion, indicating catalyst deactivation, but less severe than for Pt/C.

Table 1: Ethylene conversion for reactions under continuous ethylene flow. Reaction conditions: 0.05
mmol Pt in 10 ml n-tetradecane (38.4 mmol), 250°C, 0.1 min/min ethylene (0.26 mmol/h).
aDetermined via FTIR analysis of gas sample at reactor outlet at the end of the reaction.

bCalculated from GC yield of unsaturated C14 products.

Experiment Final C,H, Total C,H, Total Overall
conversion® consumption® C,H, C,H,
(mmol) added conversion
(mmol)
Pt/C-22h 10% 1.4 5.72 25%
PtSn,/C-22h 55% 3.3 5.72 58%
PtSn,/C-70h 30% 7.92 18.2 43%

Analysis of the liquid products is shown in Figure 8. Under these conditions, Pt/C reaches the highest
olefin yields so far, with excellent selectivity towards tetradecenes (94%). Up to 28 mol/(mol Pt) of
ethylene was hydrogenated. PtSn2/C also shows high dehydrogenation activity under these conditions,
although selectivity towards olefins is only 66%. As shown in figure 2, however, selectivity for a typical
batch reaction with the PtSn2/C catalyst is below 40%, and it appears that maintaining low ethylene
pressure is beneficial to selectivity towards olefins. When extending the reaction to 70 hours, selectivity
of the PtSn2/C drops further to only 27%, and olefin yields are lower than after 22 hours, as the olefins
are formed more slowly than they are converted to alkylaromatics. It is clear that significantly improved
turnover numbers can be obtained by using this continuous set-up, although eventual catalyst
deactivation appears inevitable, limiting the reaction to relatively low olefin yields. For PtSn2/C, these
results show that gradual deactivation also occurs, albeit more slowly than for Pt/C. The decrease in
olefin yield between 22 and 70 hours also indicates that the reaction rate for further dehydrogenation
and aromatization of olefins becomes higher than for the dehydrogenation of alkanes. This may indicate
that significant active surface area is maintained for this catalyst, but competitive adsorption between
the alkane and dehydrogenated products favors the consecutive conversion of product olefins.
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Figure 8: GC yield of Cl4 products (olefins and alkylaromatics) and selectivity towards olefins.
Reaction conditions: 0.05 mmol Pt in 10 ml n-tetradecane (38.4 mmol), 250°C, 0.1 min/min ethylene
(0.26 mmol/h).



As Pt/C still shows deactivation, despite minimal presence of ethylene, other mechanisms must be at
work. Reactions were limited to 30 minutes, and different concentrations of 1-dodecene were added, as
a mimic of reaction products. To prevent hydrogenation of dodecene, the reactor was cooled down and
briefly opened after catalyst activation under hydrogen, to allow addition of dodecene. The reactor was
then heated to the reaction temperature under nitrogen before adding 1 bar of ethylene. Based on
previous results, 1-dodecene concentrations up to 3 mol% relative to tetradecane were used. From the
results, shown in Figure 9, it becomes clear that the presence of product olefins is at least partially
responsible for the observed deactivation behavior. At low product concentrations (0.1 mol%), ethylene
hydrogenation is not significantly slower than in the absence of 1-dodecene, but its rate decreases rapidly
as product concentration is increased to 0.5 and 1 mol%. At a concentration of 3 mol%, the rate of
hydrogenation is reduced to only 23% of the rate in absence of product olefins. Surprisingly, tetradecene
formation appears to increase significantly as 1-dodecene concentration increases to 1 mol%, before
gradually decreasing again. This additional tetradecene formation is the result of a hydrogen transfer
reaction between tetradecane and dodecane (Figure 9C). At 0.1 and 0.5 mol%, only dodecane is
observed as a C12 product, as 1-dodecene is fully consumed as a hydrogen acceptor alongside ethylene.
At 1 mol% 1-dodecene, 0.89 mol% dodecane is still detected in the product, decreasing to only 0.53
mol% dodecane at a starting concentration of 3 mol% 1-dodecene. The remaining dodecene is present
as a mixture of linear isomers. The analysis of the liquid phase is more complex and less reliable in these
reactions, due to overlapping peaks of C12 alkylaromatics and C14 olefins. Discrepancies in the
hydrogen balance can then likely be attributed to the signal of some C12 aromatics being included in
tetradecane concentrations. Based on these results, product olefins can be seen to retard the transfer
dehydrogenation reaction in multiple ways. At low concentrations, the catalyst remains active for alkane
dehydrogenation, but product olefins act as alternative hydrogen

acceptors, resulting in unproductive transfer reactions. This is clearly seen from the rapid conversion of
dodecenes, in combination with rapidly decreasing ethylene conversion. At higher concentrations,
however, alkane dehydrogenation slows down, likely due to competitive adsorption of the olefins and
possible irreversible adsorption and decomposition. The observed product inhibition is most likely
responsible for the inevitable deactivation of Pt catalysts, even at optimal ethylene pressure. Although
catalyst deactivation due to ethylene adsorption and product inhibition appear to limit the conversion of
alkanes, the appreciable catalytic activity of supported Pt catalysts warrants further investigation.
Optimization of the catalyst composition and support is currently underway, and may yield further
improvements to catalyst activity and product yields.
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Figure 9: A) Initial ethylene consumption over Swt% Pt/C at different starting concentrations of 1-
dodecene, relative to n-tetradecane. B) GC yield of Cl14 products (olefins and alkylaromatics) and
selectivity towards olefins. C) GC yield of C12 products (alkane and olefins). Reaction conditions: 0.05
mmol Pt in 10 ml n-tetradecane (38.4 mmol) with 0.1-3 mol% I-dodecene, 250°C, 1 bar ethylene at t=0
(1.15 mmol), 0.5h.

Conclusions

Platinum and platinum-tin catalysts supported on activated carbon were investigated for their potential
in the catalytic transfer dehydrogenation of long-chain alkanes. Ethylene was shown to be a

viable hydrogen acceptor, allowing for significant alkane dehydrogenation at mild temperatures. Tin-
promoted catalysts were found to decrease catalyst deactivation and greatly increase the apparent
activation energy of the reaction, in accordance with literature, while also causing an unexpected
increase in aromatization activity. Although olefins were the main focus of this work, the



dialkylaromatics formed as the main by-product could have applications in e.g. detergent manufacturing.
The ethylene pressure during the reaction was found to have a strong influence on

both the initial catalyst activity and early catalyst deactivation. Ideally, ethylene pressure is to be kept
low, to prevent excessive adsorption and the formation of ethylidyne and carbon species, which are
likely responsible for significant catalyst deactivation. This was achieved by utilizing a continuous flow
of ethylene, based on the expected rate of ethylene consumption, which allowed for an increase in
turnover number by a factor of three. However, the catalyst eventually deactivates due to build-up of
dehydrogenated products which compete with the alkane for active sites and may adsorb irreversibly or
form coke. Despite its current limitations, the heterogeneously catalyzed transfer dehydrogenation
allows for significant alkane dehydrogenation at mild temperatures using simple and widely available
catalysts and ethylene as an abundant and convenient hydrogen acceptor. Given the versatility of olefins
as intermediates in chemical synthesis, this reaction could have considerable potential as a crucial
element of multi-step or tandem processes starting from simple alkanes, or even polyolefins.
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