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Coke Formation during Propane Dehydrogenation over
Ga—Rh Supported Catalytically Active Liquid Metal

Solutions

Moritz Wolf,® Narayanan Raman,” Nicola Taccardi,”’ Marco Haumann,” and

Peter Wasserscheid*® "

Supported Catalytically Active Liquid Metal Solutions (SCALMS)
were recently described as a new class of heterogeneous
catalysts, where the catalytic transformation takes place at the
highly dynamic interface of a liquid alloy. Their application in
alkane dehydrogenation has been claimed to be superior to
classical heterogeneous catalysts, because the single atom
nature of Rh dissolved in liquid Ga hinders the formation of
significant amounts of coke, e.g. by oligomerisation of carbon
fragments and excessive dehydrogenation. In the present study,
we investigate the coking behaviour of Ga—Rh SCALMS during
dehydrogenation of propane in detail by means of high-
resolution thermogravimetry. We report that the application of
Ga—Rh SCALMS indeed limits the formation of coke when

Introduction

Thermocatalytical dehydrogenation of propane over classi-
cal heterogeneous Pt-based catalysts under industrial con-
ditions typically requires frequent regeneration of the
catalysts under O,-rich environment due to rapid deactiva-
tion via coke formation. Other side reactions, such as
hydrogenolysis or cracking, also contribute to the observed
severe loss in activity.” Even though regeneration of the
catalyst by combustion of coke may be realised within short
time frames,!'? an alternating operation with dehydrogen-
ation-regeneration cycles drastically reduces the process
efficiency while increasing operational costs and required
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compared to the Ga-free Rh catalyst, in particular when relating
coke formation to the catalytic performance. Furthermore, the
formed coke has been shown to be highly reactive during
temperature programmed oxidation in 21% O,/He with onset
temperatures of approx. 150°C enabling a regeneration of the
Ga—Rh SCALMS system under mild conditions. The activation
energy of the oxidation lies in the lower range of values
reported for spent cracking catalysts. Monitoring the formation
of coke and performance of SCALMS in situ via thermogravim-
etry coupled with mass spectrometry revealed the continuous
formation of coke, which becomes the only process affecting
the net weight change after a certain time on stream.

investments. Hence, a high resistance of the applied catalyst
against coking is highly desired and a key success factor for
technical processes applying alkanes as feedstock for alkene
production by catalytic dehydrogenation. In the case of Pt-
based dehydrogenation catalysts, stabilisation of the Pt
phase has been achieved via physical (entrapment in
support) or chemical stabilisation (Ce doping of Al,O,
support material).®’ Furthermore, Pt—Sn bimetallic catalysts
have been reported to suppress rapid deactivation.'*”
Oxidative dehydrogenation represents another attractive
alternative for producing alkenes without excessive coke
formation due to the oxidative reaction environment.
However, the undesired full oxidation of propane to CO, is a
relevant side reaction of oxidative dehydrogenation low-
ering the overall efficiency of the alkene production
process.”

Supported Catalytically Active Liquid Metal Solutions
(SCALMS) offer the potential for new and unusual catalytic
reactivity in alkane dehydrogenation. SCALMS are com-
posed of liquid alloy droplets of a catalytically active metal
with a low melting point metal, such as Ga, on a porous
support.” In contrast to conventional supported liquid
phase catalysis, the catalytic reaction in SCALMS occurs
exclusively at the highly dynamic liquid metal/gas
interface,**”%% as the liquid metal does not provide any
relevant reactant solubility. Recently, the use of Ga-rich
supported bimetallic mixtures with Pd, Rh, or Pt (atomic Ga/
Me ratio > 10) has been reported for the highly endothermal
dehydrogenation of n-butane and propane.**¥ Remark-
ably, these SCALMS materials outperform, under some
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reaction conditions, commercial dehydrogenation catalysts
(Pt/Al,0;, Cr,05/Al,0;) without extensive material or process
optimisation.®@ Particularly noteworthy is the complete
suppression of coking during n-butane dehydrogenation
over Ga—Pd SCALMS®™ even though coking is the typical
deactivation mechanism for high temperature reductive
hydrocarbon transformation processes.”” As explanation for
this unexpected behaviour, angle-resolved X-ray photon
spectroscopy (XPS) experiments and molecular dynamics
simulations suggest depletion of the topmost layer in Ga-
rich alloys regarding the catalytically active metal, while the
layer directly underneath is enriched.*®® The atomic
distribution at the liquid catalyst surface is strongly affected
by substrates approaching the surface and coming into
contact with the active metal atoms.’“*"9 Dehydrogenation
of propane is suggested to require only a single active metal
atom.® In turn, side reactions requiring a second active site
are strongly reduced in the SCALMS approach due to the
low probability of neighbouring active metal atoms at the
surface of the liquid alloy®®“*9 in combination with the
generally low activation energy for desorption of propene.®
When compared to the dehydrogenation of butane,
propane dehydrogenation (PDH) is expected to be rather
vulnerable for the formation of coke. PDH has recently been
studied using Ga-rich Ga—Rh SCALMS.®¥ Analysis of the
spent SCALMS by means of XPS suggested an increase of
the C1s component in all samples when compared to the as
prepared materials. Further, amorphous carbon was identi-
fied in the spent SCALMS after catalytic PDH at the highest
studied temperature of 550 °C via Raman spectroscopy.®®

In this study we focus on nature and quantity of coke
formed during propane dehydrogenation over said SCALMS
system. In detail, we use temperature programmed oxidation
(TPO), which is a widely applied technique for studying the
reactivity/stability of carbon species TPO describes the
defined heating of a (partially) carbonaceous sample to high
temperatures in the presence of an oxidising atmosphere,
mostly diluted oxygen. Further, the activation energy can be
determined using various techniques making use of the
temperature dependency of the rate constant according to
Arrhenius’ law. TPO of the spent SCALMS was conducted via
high-resolution thermogravimetric analysis coupled with mass
spectrometry (HRTGA-MS) in a XEMIS sorption analyser. Fur-
thermore, we describe a novel approach to apply HRTGA-MS for
the in situ characterisation of coke formation during propane
dehydrogenation over Ga—Rh SCALMS.

Results and Discussion
Coke analysis in spent Ga—Rh SCALMS

The reactivity of coke formed during PDH at 450°C"? was first
analysed by means of HRTGA-MS during TPO (Figure S1) of
spent Ga—Rh/Al,O0; SCALMS with atomic Ga/Rh ratios of 25 and
125, as well as of the benchmark cases of Ga/Al,O; (Ga/Rh =0)
and Rh/Al,O; (Ga/Rh=0). The overall weight loss between the
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exposure of the spent and dried catalysts to He at 100°C and

after exposure to 21% O,/He at 500°C for 12 h can be expected

to mostly correspond to the amount of coke. However, a rapid
initial weight increase is observed upon first exposure of the
pre-dried samples to the oxidising atmosphere (Figure 1a).

Three processes may be at play.

— Firstly, the formation of vacancies in the ALO; support
material (due to desorption of chemisorbed water during the
preceding drying step under inert atmosphere at up to
500°C; Table S2) may facilitate a pronounced adsorption of
0,.

- Secondly, oxidic Ga species (GaO,) may form on the surface
of the Ga-rich phase forming a passivation layer due to the
exposure to O,-rich atmosphere at 100°C.

- Lastly, the initial weight increase may be originated in the
presence of coke in the spent samples, which may allow for
the formation of C(O,) functionalities on the surface of coke
(see Electronic Supporting Information (ESI) for detailed
description)."”

Only minor weight change is observed when analysing
the bare Al,O; support material in the same TPO sequence
(Figure 1a). Hence, the observed weight increase is only to a
small extent due to adsorption of O, on the support
material. The formation of GaO, species are indicated in an
additional experiment exposing an as-prepared SCALMS to
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Figure 1. (a) Sample weight relative to the weight prior to exposure to 21%
0,/He at 100°C and (b) formation of CO, during temperature programmed
oxidation (1°Cmin~") of spent SCALMS with atomic Ga/Rh ratios of 25 and
125, the spent Ga/Al,O; (Ga/Rh =o0) and Rh/Al,0; (Ga/Rh =0) reference
catalysts, as well as the bare Al,O; support material as monitored via high-
resolution thermogravimetry coupled with mass spectrometry. All catalysts
were previously applied in propane dehydrogenation at 450 °C. Conditions
of the experiment: He flow 100 mLymin~" for TOS < 0; He flow 79 mLymin~
and O, flow 21 mLymin~' for TOS > 0; GHSV 30000 mLyg~'h™".
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two consecutive TPO sequences (Figure S2). While the first
exposure to O,-containing atmosphere resulted in a weight
increase of 0.1 wt%, the second exposure after the first TPO
sequence hardly affected the sample weight. Nevertheless,
the relative weight increase correlates with the amount of
coke present in each analysed spent SCALMS catalyst
(Figure S3), in particular for samples with a high coke
content. This points towards a significant contribution of
the third hypothesised process to the initial weight increase.
The oxygen-containing functionalities on carbon are re-
ported to be metastable at increased temperatures initiating
the oxidation process of coke by O, together with the
formation of volatile CO or CO,." Noteworthy, minor
amounts of CO, have been detected in the off-gas by means
of MS indicating full oxidation of a small fraction of highly
reactive coke in the spent catalysts during the first 60 min
time on stream (TOS) at the initial isotherm at 100°C
(Figure S4).

After the initial isotherm, the temperature was increased
inducing another weight increase of the spent catalysts
(Figure 1a). This observation, once again, indicates the
formation of (metastable) oxygen-containing functionalities
at the carbon surface or formation of GaO, species at the
surface of the bimetallic Ga-rich phase resulting in an
increase of the sample weight. Volatisation of coke, that is
decomposition of oxygen-functionalised coke species in
form of gaseous CO or CO, becomes the dominating
process at temperatures exceeding 200°C and this results in
a net decrease of weight. Nevertheless, the formation of CO,
is observed at temperatures as low as 150°C (Figure 1b,
Figures S5a), i.e. the combustion process initiates at even
lower temperatures. The profile of CO, formation during
TPO indicates the presence of two classes of coke in the
spent catalysts, denominated soft and hard coke (see ESI for
further details on this classification), resulting in two over-
lapping peaks (Figure 1b). The soft coke is expected to have
a lower degree of graphitisation and can be oxidised at
temperatures as low as 150-200°C (Figure 1b; Table S2).
Seemingly, an increased fraction of reactive coke is formed
when increasing the Rh content of the samples (Figures S6-
S7). The coke in the Ga/Al,O; reference sample displays a
relatively low reactivity, i.e. mostly consists of hard coke
with increased degree of graphitisation and an increased
onset temperature of 390°C (Table S2). However, it has to
be emphasised that such temperatures are still relatively
low for oxidation of carbonaceous deposits in spent
catalysts.

The spent Ga—Rh SCALMS after PDH at 450 °C contain minor
amounts of coke in the range of 0.3-0.6 wt% (Figure 1a).
Contrary, the classical heterogeneous Rh/Al,O; was shown to be
more prone towards coking with a coke content of >1 wt%
after PDH under identical conditions. In our previous contribu-
tion, the supported single-phased Ga in the absence of Rh
displayed a particularly special catalytic performance.®® The
absence of Rh resulted in oxidation of Ga by oxygen containing
impurities in the feed stream forming GaO, at the surface of the
supported liquid Ga droplets. In turn, the Ga/Al,O; sample
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activated over time, but describes a different catalytic system.
The coke in this spent sample is relatively inactive requiring
elevated temperatures when compared to the SCALMS samples.
The overall amount of coke in all samples decreases in the
order Rh/Al,O; > SCALMS > Ga/Al,O; (Figure 1a), while a feasible
correlation between the weight change and the integral
formation of CO, as monitored by HRTGA-MS was obtained
(Figure S8).

Aside from CO,, small amounts of water were released
during TPO in the temperature range of 350-500°C for all
catalysts containing Rh (Figure S5b). However, the low signal-
to-noise ratio indicates an extremely low H-content of the hard
coke. In general, full conversion of coke was achieved at
moderate temperatures for all catalyst systems allowing for full
regeneration at temperatures as low as 500 °C. Noteworthy. full
combustion of coke formed during commercial fluid catalytic
cracking requires increased temperatures of approx. 900 °C,
while the initiation of coke oxidation is reported at 200-250°C.
Hence, both classes of coke in the herein analysed samples are
highly reactive.

At 450°C, the highly diluted SCALMS with an atomic Ga/
Rh ratio of 125 is expected to form a fully liquid supported
alloy in accordance with the concept of SCALMS (Fig-
ure 59).°¢"" Intermetallic solid compounds may form when
increasing the Rh content. Hence, the different CO,
formation profile during TPO of the SCALMS with a reduced
Ga/Rh ratio of 25 may be originated in the presence of such
intermetallic solids. Hence, the coke analysis was extended
to samples after PDH at an increased temperature of 550°C
allowing for a higher solubility of Rh in the liquid Ga phase
at reaction conditions, i.e. atomic ratios of Ga/Rh exceeding
50 form fully liquid supported alloys. The catalytic perform-
ance of SCALMS samples with atomic Ga/Rh ratios of 125, 82
and 34 was previously evaluated during PDH at 550°C.59
Decreasing the Ga/Rh ratio from 82 to 34 implicates a
crossing of the liquidus line (Figure S9). Hence, the SCALMS
with the lowest ratio is expected to represent mostly liquid
supported alloys with a minor fraction of intermetallic
solids, which may affect the catalytic performance and
coking behaviour alike, e.g. the productivity based on the
overall amount of Rh in the samples increases with dilution
of Rh in Ga.*¥ Indeed, analysis of the coke in the spent
samples by means of HRTGA-MS once again suggests a
pronounced formation of coke with increased Ga/Rh ratio
(Figures S10-512). The fraction of soft coke is increased for
the fully liquid SCALMS with an atomic Ga/Rh ratio of 125,
while said fraction decreases when lowering the ratio
(Figure S13).

Previously, PDH was also conducted using the SCALMS with
the highest atomic Ga/Rh ratio of 125 at intermediate temper-
atures of 480 and 500°C. When comparing the productivity per
Rh atom, this SCALMS sample outperformed both, classical
heterogeneous Rh catalysts and other Ga—Rh SCALMS systems
with lower atomic Ga/Rh ratios.”® Analysis of this SCALMS after
application in PDH by means of HRTGA-MS demonstrates a
strong correlation between the amount of coke and the
reaction temperature (Figure 2a; Figure S14). This behaviour is

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 2. (a) Sample weight relative to the weight prior to exposure to 21%
0O,/He at 100°C and (b) normalised cumulative formation of CO, during
temperature programmed oxidation (1°Cmin~") of spent SCALMS with an
atomic Ga/Rh ratio of 125 as monitored via high-resolution thermogravim-
etry coupled with mass spectrometry. The catalysts were previously applied
in propane dehydrogenation at 450, 480, 500, and 550 °C. Conditions of the
experiment: He flow 100 mLymin~' for TOS < 0; He flow 79 mLymin~' and O,
flow 21 mLymin~' for TOS > 0; GHSV 30000 mLyg~'h™".

expected as increased temperatures typically accelerate coking.
In addition, the conversion of propane increases with temper-
ature providing increased concentrations of alkenes and other
precursors of coke, i.e. an enhanced formation of coke is
expected at increased conversion levels.'”? In the analysed
SCALMS, the amount of identified coke increases exponentially
with dehydrogenation temperature (Figure 3). Accordingly, the
required temperature for conversion of 50% coke during the
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Figure 3. Integral CO, formation from temperature programmed oxidation
of soft and hard coke in spent SCALMS with an atomic Ga/Rh ratio of 125
after previous application in propane dehydrogenation at various temper-
atures as monitored via high-resolution thermogravimetry coupled with
mass spectrometry.
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temperature ramp of the TPO increases with dehydrogenation
temperature (Figure 2b; Table S2).

The normalised integrals of the CO, formation shift to
increased temperature with increased PDH temperature, which
is particularly pronounced for the SCALMS after PDH at 550°C
(Figure 2b). This observation suggests a change in the composi-
tion of the coke in the spent SCALMS. Indeed, a clear trend to
increased amounts of soft coke with increased PDH temper-
atures is observed (Figure 3; Figure S15). Further, the temper-
atures required for 50% conversion of coke increase with PDH
reaction temperature from 331 to 376 °C for the soft coke and
from 378 to 417°C for the hard coke (Figure S16; Table S2).
Note, that the soft coke after PDH at 550 °C displays a reactivity
similar to the hard coke formed during PDH at 450°C. Never-
theless, the distinct shift may be an indicator for a pronounced
contribution of the Al,O; support to coking at increased
temperatures (Figure 3). An increased formation of soft coke at
increased temperatures may be caused by the support, while
the amount of hard coke remains almost constant in the
temperature range of 450-500°C and hence may be a result of
catalytic activity. Consequentially, the identified ratio of soft/
hard coke increases drastically to 3.5, while the ratio is below
1.4 after operating at reduced temperatures (Figure 3).

The presented results strongly demand for a correlation of
the conducted coke analyses with the performance data from
our previous catalytic study. In order to draw valid conclusions,
the actual conditions during PDH have to be taken into
account, e.g. the actual conversion level represents an addi-
tional parameter for the formation of coke. Calculation of the
carbon-based selectivities of the SCALMS towards coke (S¢ ok)
using the obtained fractions of coke as obtained by means of
HRTGA-MS [Eq. (1)] demonstrates the great benefits of the
SCALMS concept.”™

Meoke

Mc

fmc3Hs.feed(t) Xeawg(t) dt -

5 100% (1)

Mcshg

SC.coke =

Where m,, is the amount of coke identified by means of
HRTGA-MS and extrapolated to the loading of catalyst in our
previous catalytic studies,”® Meypgre(t) is the amount of
propane in the feed stream at each time interval, X.5(t) is the
conversion of propane at each time interval, and M. and Mc;s
are the molar masses of carbon and propane, respectively.

The supported Rh catalyst was the least active catalyst,
but formed the highest amount of coke at 450°C (1.0 wt%;
Figure 1) demonstrating the high vulnerability of conven-
tional heterogeneous catalysts to coking during dehydro-
genation, even at low temperatures (Figure S17). Both
SCALMS catalyst outperformed the Rh/Al,O; catalyst with a
carbon-based, undesired selectivity towards coke of <1.5%
(Rh/Al,05:10.5 %) after PDH at 450°C. As for the productivity
per Rh atom,®¥ the liquidus line of the Ga—Rh phase
diagram may be traced by the coke selectivity (Figure S18).
Remarkably, the coke selectivity of the SCALMS with an
atomic Ga/Rh ratio of 125 after dehydrogenation at 450-
500°C decreases with increasing reaction temperature,
which is a remarkable finding. As discussed earlier on,

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/cctc.201901922

\\’} ChemPubSoc

increased temperatures are typically associated with an
increased formation of coke. The actual conversion level
dictates the potential for an extended coke formation by
creating an atmosphere that is more prone for coking.
Hence, the coke selectivity is related to the average
conversion of propane during the particular experiments in
order to consider this important parameter (Figure 4). This
results in the lowest value for the SCALMS with an atomic
Ga/Rh ratio of 125 after PDH at 550 °C, which is significantly
lower than both SCALMS tested at 450°C exhibiting the
beneficial properties of fully liquid supported alloys accord-
ing to the SCALMS concept.® Further, normalising the coke
selectivities to the average conversion of propane results in
a lower value for the SCALMS with an atomic Ga/Rh ratio of
125 at 550°C compared to PDH using the same SCALMS at
450°C (Figure 4). As previously suggested, the Al,O; support
material may result in pronounced coking at 550°C increas-
ing the coke selectivity from 1.0 to 4.0% when compared to
PDH at 500°C (Figure S18).

Activation energy of coke in spent Ga—Rh SCALMS

The activation energy (E,) of coke formed during PDH at the
reaction temperature of 500°C with the SCALMS catalyst of an
atomic ratio of Ga/Rh of 125 was exemplarily determined via an
isoconversional method according to Starink (see ESI for further
details) using Equation (2)."*
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Figure 4. Integral carbon based selectivity towards coke relative to the
average conversion of propane over time on stream (circles) of the various
Ga—Rh SCALMS compositions at different temperatures superimposed on
the liquidus line of the Ga—Rh phase diagram (solid) according to Daeneke
et al,"" an experimental data point for the solubility of Rh in Ga (filled
triangle) by Anres et al."'¥ as well as an experimentally obtained solubility
data from XPS measurements (crosses connected by dashed line to guide
the eye) by Raman et al.*?
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Where f is the heating rate, T, is the temperature at which
the particular fractions of coke are oxidised, and R is the natural
gas constant.

The heating ramp during TPO of the spent samples was
varied from 0.5 to 5°C min~"' (Figure S19) and the conversion
of coke (a) was compared using the observed weight loss or
the integrated CO, formation peak from the analysis of the
off gas by means of mass spectrometry (Figure 5). At least
95% conversion of coke were achieved during the ramp to
500°C (Figure 5) allowing for the comparison of a broad
range of conversion levels. A linear dependency is obtained
when analysing the weight change for conversion levels
from 10-70% in the Arrhenius plot (Figure S20), while the
integral CO, formation allows for comparison of 30-90%
and generally provides superior linear trends (Figure 6).
Hence, observed adsorption/desorption effects, as well as
the formation of carbon complexes (Figure 1a) seemingly
affect the measurement of the weight change and can be
expected to blur the determination of the activation energy
by this isoconversional method. An activation energy of
121.4 kJmol™" (Figure S21) was obtained for 50% conversion
based on CO, formation (132.3 kJmol™' based on weight
change), which is in the lower range when compared to
activation energies for coke formed on catalysts during
other catalytic processes such as fluid catalytic cracking
(110-167 kimol™").%<* | astly, the pre-exponential factor
(A=1.900-10"s"") and the rate constant of oxidation of
coke by O, (k=8.005-10"*s™' at 500°C) were calculated

994
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Figure 5. (a) Sample weight relative to the weight prior to exposure to 21%
0O,/He at 100°C (solid) and (b) normalised cumulative formation of CO,
(solid) together with selected data points for isoconversional analysis (10—
90 %, open circles) during temperature programmed oxidation of spent
SCALMS with an atomic Ga/Rh ratio of 125 as monitored via high-resolution
thermogravimetry coupled with mass spectrometry. The catalyst was
previously applied in propane dehydrogenation at 500 °C. Conditions of the
experiment: He flow 100 mLymin~' for TOS < 0; He flow 79 mLymin~' and O,
flow 21 mLymin~' for TOS > 0; GHSV 30000 mLyg~'h™".
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Figure 6. Isoconversional analysis in the Arrhenius plot according to
Starink™ of various conversion levels of coke (a, filled circles) with linear
trendlines (dashed) as monitored by the formation of CO, using mass
spectrometry during temperature programmed oxidation in 219% O,/He at
different heating rates (f) for a spent SCALMS with an atomic Ga/Rh ratio of
125. The catalyst was previously applied in propane dehydrogenation at
500°C.

according to Arrhenius’ law (Equations S6-59) based on the
maximum formation of CO,. The corresponding conversions
of coke during TPO with varying heating rate are within 60-
65% and the calculations based on the formation rate of
CO, is expected to be more reliable than the calculation
based on the observed weight change.

In situ thermogravimetry during propane dehydrogenation
with cyclic regeneration

The performance during PDH, the coking behaviour and the
regeneration of the most promising SCALMS catalyst in terms
of efficient use of precious Rh (Ga/Rh=125) with limited
selectivity towards coke (1.0%) was studied in five consecutive
dehydrogenation-regeneration cycles at 500°C by means of
in situ HRTGA-MS in the XEMIS sorption analyser. An initial
sharp increase of the weight of the pre-dried sample by
~0.5 wt% (Figure 7a) may be explained by the adsorption of
propane, which strongly interacts with Rh atoms of the alloy at
the liquid-gas interface.**® The weight increases further by
~0.2wt% and peaks at 60 min TOS indicating potential
continuous formation of small amounts of coke. However, a
subsequent first decrease in weight indicates a second simulta-
neous processes with opposing effects regarding the sample
weight. While the expected formation of coke results in a
weight increase, an expected reduction of Ga,O species by the
in situ formed H, leads to abstraction of oxygen atoms and
water formation and hence decreases the weight. Oxidic
gallium species are present in the as-prepared SCALMS®? as
metallic Ga forms an oxide passivation layer when exposed to
air. Further, the catalysts were also exposed to various
atmospheres and solvents during preparation including oxida-
tive H,O. The reductive dehydrogenation environment is
expected to initiate the oxygen abstraction from Ga,O species,
in particular in the presence of Rh atoms promoting H,
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adsorption and dissociation.®9' The formation of H,O as the
product of such a reduction with H, is also identified via mass
spectrometry for the first 180 min TOS (Figure S22c). Hence,
adsorption and coke formation are seemingly dominating the
net weight change in the first 60 min TOS, while the reduction
of oxidic gallium overcomes this (most likely) ongoing mass
increase after 90 min TOS.

The weight increases again after ~120 min TOS (Figure 7a).
A constant weight increase is observed during the last 60 min
TOS, which indicates a continuous build-up of coke. Hence,
other processes affecting the sample weight are seemingly
completed, i.e. the catalyst performs at steady-state with a
constant build-up of coke. In line with the present findings,
such a continuous build-up of coke has been suggested in
literature for alkane dehydrogenation over Pt-based catalysts."
After an initial formation of highly dispersed carbonaceous
species on the active metal with consequential deactivation of
the catalyst, the subsequent migration of these species onto
the support material resulted in a continuous build-up of a
more graphitic coke with a less profound effect on the catalyst’s
activity.

The conversion of propane to propene is qualitatively
monitored via mass spectrometry for a mass-to-charge ratio
of 1 (Figure S23). It is noted, that the fragmentation pattern of
propene is almost fully covered by propene, i.e. also the parent
ion peak (m/z=41) is strongly affected by the presence of
propane. Only a mass-to-charge ratio of 1 is exclusively due to
the formation of propene with an expected less pronounced
contribution of the second dehydrogenation product H, to this
ratio (Figure S23). In order to circumvent initial unsteady flow
patterns within the analyser, the intensity ratio of propene
(m/z=1)/propane (m/z=29) is analysed (Figure 7b). The latter
ratio is the parent ion peak for propane (FigureS23). A
continuously decreasing ratio resembles the trend in propane
conversion during dehydrogenation in a lab-scale fixed-bed
reactor.”® However, deactivation of the SCALMS is mostly
observed within the first 25 min TOS (Figure 7b; Figure S24)
followed by a subsequent robust performance of SCALMS in
alkane dehydrogenation,®®¥ most likely due to an increased
resistance against coke formation when compared to traditional
heterogeneous dehydrogenation catalysts. Nevertheless, the
hypothesised continuous formation of coke results in slow
deactivation of the catalyst, most likely via pore blockage due
to migration of coke species onto the support material.'”
However, the exact location of coke cannot be determined at
this stage and will be identified in systematic studies in the
future.

An equimolar formation of propene and H, is expected for
the dehydrogenation of propane. However, the formation of H,
(m/z=2) differs drastically from the one of propene (Figure 7c).
A minimal net formation rate is observed after 40-50 min TOS
due to the reduction of Ga,O species, which is strongly
suggested by a decrease of the sample weight after 60 min TOS
(Figure 7a). The net H, formation rate suggests a rather slow
reduction of such species over 180 min TOS, which is also the
time frame for the formation of significant amounts of H,O
(Figure S22c). These observations strongly support the previ-
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Figure 7. (a) Sample weight relative to the weight prior to propane dehydrogenation during 5 consecutive propane dehydrogenation-regeneration cycles at
500°C using a SCALMS with an atomic Ga/Rh ratio of 125 and (b-c) mass-to-charge ratios of 1 (almost exclusively propene) and 2 (almost exclusively H,)
relative to the mass-to-charge ratio of 29 (exclusively propane) during the dehydrogenation cycles as monitored via high-resolution thermogravimetry
coupled with mass spectrometry. Conditions of the experiment: He flow 80 mLymin~" and C;H; flow 20 mLymin~" for 0 < TOS < 360 min; He flow

100 mLymin~" for 360 < TOS < 390 min; He flow 79 mLymin~" and O, flow 21 mLymin~"' for TOS > 390 min; GHSV 30000 mLyg 'h™".

ously suggested simultaneous formation of coke and reduction After flushing the reactor for 30 min with He, the SCALMS
of Ga,0 species with opposing effects on the catalyst weight. was exposed to 21% O,/He. A pronounced spike of the weight,

ChemCatChem 2020, 12, 1085-1094 www.chemcatchem.org 1091 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/cctc.201901922

@} ChemPubSoc

once again, indicates adsorption of O, to re-form Ga oxide
species (Figure 7c). Metastable carbon oxide functionalities are
expected to volatise immediately at given temperature forming
CO, (Figure S25). The final mass is only increased by 0.1 wt%
when compared to the dry sample prior to dehydrogenation
indicating full oxidation of coke within only 120 min TOS during
regeneration at 500°C. The marginal weight increase may be
caused by minor carbonaceous residuals or a more severe
oxidation of the Ga phase after exposure to the oxidising 21 %
O,/He atmosphere at 500 °C when compared to the as prepared
SCALMS.

The observed weight changes in the subsequent dehydro-
genation cycles become repeatable after the second cycle for
the first 120 min TOS (Figure 7a). The maximum sample weight
shifts to 40 min TOS, after which a distinct weight decrease is
observed. Subsequently, the weight is rather constant for
increasing TOS with each cycle (constant weight for 140 min
TOS during PDH cycle 5) suggesting less coke formation with
each dehydrogenation-regeneration cycle. However, a constant
formation of coke is observed during the last 100 min TOS
(Figure 7a). Comparable amounts of coke were formed in the
last three cycles (~1 wt%), while larger fractions were accumu-
lated in the first two cycles (1% cycle: 1.39 wt%; 2™ cycle:
1.24 wt%; Figure 7b). Nevertheless, the activity over time
decreases with every cycle. Contrarily, the generation of H, is
rather constant in the last three cycles (Figure 7c), which may
be explained by additional generation of H, as a product from
excessive abstraction of H from hydrocarbons during coke
formation. Hence, this observation is in line with the compara-
ble weight increase of the catalyst in the last three cycles
showing a constant formation of coke and H,, while the actual
dehydrogenation activity is further decreasing with each cycle.

Conclusions

This detailed analysis of coke in Supported Catalytically Active
Liquid Metal Solutions (SCALMS) after catalytic application
sheds more light on the effect of liquid alloy catalysis on coke
formation. Moreover, our study may serve as blueprint for an
elaborate characterisation of coke in spent catalysts by means
of temperature programmed oxidation (TPO) and high-resolu-
tion thermogravimetric analysis coupled with mass spectrome-
try (HRTGA-MS). Making use of a XEMIS sorption analyser with a
superior resolution of the sample weight, the formation of
oxygen-functionalised coke and the formation of GaO, passiva-
tion layers was monitored during HRTGA-MS upon first
exposure of the spent SCALMS to oxygen containing atmos-
pheres at 100°C. Functionalised coke species are typically
metastable and rapidly decompose to CO or CO, at elevated
temperatures. However, the low starting temperature of 100°C
allowed for coke functionalisation while preventing major
decomposition. Coke was identified in all spent samples and
only tiny amounts of H,O were formed during TPO. The overall
amount of coke was shown to strongly depend on the reaction
temperature and catalyst design, that is classical solid heteroge-
neous catalysts and SCALMS. Only small amounts of coke (coke
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selectivity <1.5%) were identified in Ga—Rh SCALMS after
propane dehydrogenation (PDH) at 450°C. In contrast, twice
the amount of coke was identified in a classical heterogeneous
Rh/Al,O; catalyst (coke selectivity>10%). Remarkably, the
selectivity towards coke of SCALMS with an atomic Ga/Rh ratio
of 125 decreased with increasing PDH temperature in the
temperature range 450-500°C. This is most likely due to a
crossing of the liquidus line resulting in fully liquid supported
alloy system. An increased coke formation after PDH at 550°C
may indicate the pronounced contribution of the Al,O; support
material to the coking process that generates reactive “soft”
coke. Lastly, in situ HRTGA-MS of dehydrogenation-regeneration
cycles using Ga—Rh SCALMS at 500 °C provided insight into the
evolution of coke during catalysis. Coke is seemingly formed
continuously during PDH with the Ga—Rh SCALMS system. In
addition, HRTGA-MS provided valuable information on the
regeneration of SCALMS via oxidation of coke. The regeneration
was successful, however, a certain degree of deactivation was
observed for the first three regeneration cycles. We take the
finding that the subsequent regeneration cycles gave almost
identical results as strong indication that recyclability of the
investigated Ga—Rh SCALMS by oxidative treatment is feasible.

Experimental Section

Preparation of Supported Catalytically Active Liquid Metal
Solutions (SCALMS)

At first, (Et;N)GaH; was synthesised according to the published
procedure,”"” while triethylammonium chloride (Sigma-Aldrich) was
used instead of trimethylammonium chloride. The compound was
not isolated and used as ethereal solution. The Ga content of this
solution was determined as follow: 1 mL of ethereal solution was
quenched in 10 mL of HCl (~2 M) and the resulting mixture shortly
boiled to evaporate the diethyl ether. The homogeneous solution
was diluted to 500 mL and the Ga content determined by
inductively coupled plasma atomic emission spectroscopy
(ICP—AES). Given the low stability of gallane complexes, the (Et;N)
GaH; solution was analysed immediately after its preparation. The
second part of the synthesis procedure includes the decoration of
the support material with Ga according to a previously published
procedure.®*@ A total of 100g of Al,O, (Sigma-Aldrich; grade:
Brockmann |, activated, standard; particle size: 0.05-0.15 mm; BET
surface area: 155 m?*g™"; pH: 7.04+0.5) was heated under vacuum
(1 mbar) at 300°C overnight in a Schlenck flask. After cool-down,
the carrier material was suspended in 200 mL dry diethyl ether
under an inert argon atmosphere. The required amount of an
ethereal solution of (Et;N)GaH; was added to this suspension in
order to obtain the targeted loading of Ga (ca. 6-7% w/w of Ga)
with respect to the support. After complete removal of diethyl
ether under vacuum at ca. —30°C, the flask was heated up to
300°C (ca. 10°Cmin™") until no gaseous products were observed
indicating the termination of the gallane decomposition. The
resulting grey solid was continuously heated to 300°C under
vacuum (1 mbar) overnight and stored under argon after cool-
down to room temperature. In the last step of the synthesis of
Ga—Rh SCALMS, 59 of Ga decorated Al,O; were suspended in
50 mL of distilled water under vigorous stirring at 50°C.**9 The
required volume of a stock solution of RhCl;-3H,0 (with a nominal
Rh concentration of 1 mgml™) in distilled water was added to
obtain the targeted atomic Ga/Rh ratio taking the loss of Ga due to
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galvanic replacement"® into account. The resulting suspension was
stirred for 15 min, filtered, and thoroughly washed with distilled
water (500 ml). The solid obtained was dried in an oven at 130°C
overnight.

Elemental analysis

The Ga and Rh loading and the corresponding Ga/Rh ratios of the
SCALMS were determined by ICP—AES (Table S1) using a Ciros CCD
(Spectro Analytical Instruments GmbH). The solid samples were
digested in 3:1:1 volumetric ratio of concentrated HCI:HNO;:HF
using microwave heating up to 220°C for 40 min. The instrument
was calibrated for Rh (343.489 nm) and Ga (417.206 nm) with
standard solutions of the particular elements prior to the analyses.

Propane dehydrogenation (PDH)

Catalytic testing was previously conducted in a fixed-bed tubular
quartz reactor placed inside a tubular split furnace at atmospheric
pressure generating the herein analysed spent catalysts (for details
on the laboratory set-up and analysis of the catalytic performance
please refer to Raman et al.).”? In short, a total of 1.2 g of catalyst
was placed in the fixed-bed reactor and heated to the desired
temperature (450, 480, 500, or 550°C) at 10°C/min under a flow of
Ar. After 15 min at the final temperature, 9.1% propane (Linde,
purity 2.5) in He (Linde, purity 4.6) were introduced to the feed
stream at a total gas hourly space velocity (GHSV) of
4900 mLgpmL.,, "h™" (residence time t=0.7 s at standard condi-
tions) for ~20 h.

High-resolution thermogravimetric analysis coupled with
mass spectrometry (HRTGA—MS)

Spent samples were analysed via temperature programmed
oxidation (TPO) in 21 % O,/He in order to determine the amount of
coke formed during PDH. The weight change was monitored by
means of high-resolution thermogravimetric analysis using a XEMIS
sorption analyser (Hiden lIsochema)' equipped with a mass
spectrometer (Hiden Analytical). The XEMIS sorption analyser has a
high resolution of £0.1 ug and can be operated at low vacuum or
pressures up to 200 bar, while temperatures up to 500°C can be
realised. A total of ~200 mg of the sample was placed in cylindrical
stainless steel mesh sample holder, heated to 120°C (5°Cmin™")
under an inert He atmosphere for 6 h to remove physisorbed H,0O
in the Al,O; support material. A subsequent heating to 500°C
(5°Cmin~") for 12 h can be expected to remove chemisorbed H,0.
After cool-down to 100°C under a continuous He flow, 21% O,/He
was introduced for 1 h at 100°C. Subsequently, the temperature
was increased with a heating rate of 0.5, 1, 2, or 5°Cmin™" up to
the maximum temperature of 500°C for 12 h. The overall flow rate
was 100 mLmin™' throughout TPO. The baselines of the particular
MS signals were deducted in order to fit the peaks in MATLAB®”
with the peakfit.m algorithm of the file exchange database.”” The
reproducibility of the experiments in the XEMIS sorption analyser
was conducted in three repetitions using the same spent SCALMS
sample (Figure S26). The mean confidence interval for the identified
sample weight was +0.0054 wt% (selected confidence level: 95 %)
with a corresponding effective resolution of +11 pug. The mean
confidence interval of the mass spectrometer was exemplarily
calculated for m/z=44 (CO,) and amounts to +0.55% of the
maximum ratio detected in the reproducibility studies, which are
representative for all samples studied.

In addition to TPO, an in situ HRTGA-MS experiment was conducted
in order to monitor the weight change and off-gas during 5

ChemCatChem 2020, 12, 1085-1094 www.chemcatchem.org

1093

CHEMCATCHEM
Full Papers

consecutive PDH-regeneration cycles in the XEMIS sorption analy-
ser. A total of 200 mg of as prepared SCALMS with an atomic Ga/Rh
ratio of 125 was loaded. At first, the sample was dried in
100 mLmin~" He at 500°C for 6 h (5°Cmin~"). PDH was conducted
at 500°C for 6 h using a feed gas composition of 20% C;Hg/He and
followed regeneration of the catalyst in 21% O,/He for 2 h, i.e.
formed coke was oxidised after each dehydrogenation step. The
reactor was flushed with 100 mLmin~' He for 0.5h after each
dehydrogenation and regeneration step.
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