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Kinetics of dehydrogenation of n-heptane over
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The concept of Supported Catalytically Active Liquid Metal Solutions (SCALMS) was explored for the
catalytic dehydrogenation of n-heptane. For this purpose, a GaPt on alumina (Gag4Pt/Al,O3) was compared
with a Pt on alumina catalyst at different reaction temperatures and feed compositions. While the observed
activation energies with both catalysts for the overall n-heptane depletion rate were similar with both
catalysts, the SCALMS systems provides a lower activation energy for the desired dehydrogenation path
and significantly higher activation energies for the undesired aromatization and cracking reaction. Thus, the
SCALMS catalyst under investigation shows technically interesting features, in particular at high temperature
operation. The partial pressure variation revealed an effective reaction order of around 0.7 for n-heptane
for both catalysts, while the effective order for hydrogen was 0.35 for Pt/ALL,Os and almost zero for
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Introduction

Dehydrogenation of n-paraffins with chain length >Cg is a
promising method to the respective linear olefins, which
have many applications in, eg, fine and commodity
chemicals as well as polymers.” For example, Cg-C;, olefins
are converted in hydroformylation processes with syngas (H,
and CO) into plasticizer alcohols, while C,y-C;o alkenes are
utilized for the synthesis of biodegradable detergents."” In
2022, the C,~C,, olefin market reached ~9 billion US$ and is
expected to reach ~12 billion US$ by 2028.*

Dehydrogenation of alkanes, being an endothermic
equilibrium reaction, is preferred at high temperatures.
Furthermore, low pressures are favorable to shift the
equilibrium toward the product side. For longer-chain alkanes,
several product isomers can be formed depending on the
position of the double bond. In Scheme 1, this is illustrated for
heptane dehydrogenation yielding five different heptene
products. Out of the heptene isomers, 1-heptene has the lowest
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stability at typical dehydrogenation conditions of >673 K and
quickly transforms into geometric isomers such as trans-2-
heptene and trans-3-heptene.” The equilibrium conversion of
n-heptane at 723 K and 0.1 MPa is around 19.1% and yields
7.8% trans-2-heptene and 5.9% trans-3-heptene as major
isomers, with 1-heptene being formed with only 1.2% (see Fig.
S4 in ESIT for more information). The conversion of n-heptane
can be increased to >50% when the reaction temperature is
increased to >773 K. However, since the energy required to
break the C-C bond (245 k] mol™) is much smaller than for
breaking the C-H bond (365 kJ mol™),* the rate of thermal
cracking reactions is accelerated at higher temperatures®” and
the selectivity towards the desired olefins is reduced at such
elevated temperatures.®

It is widely accepted that with a typical dehydrogenation
catalysts, such as Pt/Al,O;, the metal center promotes the
dehydrogenation reactions, while the acidic support serves as
site for isomerization.’ Hence, during the dehydrogenation of
n-heptane using Pt/Al,O;, there is a multitude of competing
reactions at play. The combination of reactions results in a
broad spectrum of products. Direct dehydrogenation leads to
the formation of C; n-olefins, hydroisomerization leads to the
formation of C; iso-paraffins, dehydrocyclization results in C,
naphthenes, and hydrogenolysis/cracking leads to cracked
products with less than 7 carbon atoms (the literature
reported products in each of these families are shown in
Table S2 in the ESI{).**"

Platinum-based catalysts have been employed for catalytic
reforming since the late 1940s. In the early 1960s, Sinfelt,

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Possible reaction routes under typical n-heptane dehydrogenation conditions and resulting major products.

Rohrer, and Hurwitz'>"® studied platinum on acidic
aluminum  oxide  support using n-heptane and
methylcyclopentane. Their work highlighted what they

described as the characteristic effect of hydrogen.'” These
authors showed that the amount of hydrogen in the feed has
a critical effect on the n-heptane dehydrocyclization rate and
selectivity. While too low hydrogen partial pressures lead to
reduced activity due to coke formation, very high hydrogen
partial pressures disfavor the intended dehydrogenation
equilibrium for thermodynamic reasons. Sinfelt'* also
demonstrated the acidic support to be the location of the
isomerization reaction following a migration of alkenes from
the metal sites. Furthermore, Rohrer and Sinflet revealed
the effect of hydrogen in cleaning the metal surface from
coke precursors.”” Later, in 1987, Bond'® and co-workers
confirmed that Pt metal sites promote hydrogenation,
dehydrogenation, and hydrogenolysis, while the acidic sites
on Al,O; support promote isomerization reactions. Based on
this insight into the bifunctional nature of reforming
catalysts, Liu'” and co-workers established in 2002 a kinetic
model based on a lumped reaction network for n-heptane
reforming on Pt-Re/Al,O;. Similarly, a comprehensive kinetic
model for n-heptane reforming on Pt/Al,O; catalyst was
prepared by Olafadehan'® and co-workers in 2008. The rival
kinetic models were discriminated using experimental data
from Susu and Adenusi,®'® and the best-fitting kinetic model
indicated that the surface reaction of adsorbed iso-heptane to
adsorbed methylcyclohexane is the rate-determining step for
n-heptane reforming.*®

In contrast to reforming, there is little kinetic information
on the direct dehydrogenation of n-heptane to n-heptenes
available in the literature. Recently, the group of Jess
investigated the dehydrogenation of n-octane using a Pt/Al,O;
catalyst with modifiers (Sn, K, Ce)."® The formation of mono-
olefins, di-olefins as well as aromatics was found, and a
Langmuir-Hinshelwood = mechanism established,
assuming the surface reaction to be the rate-determining step
(RDS) with re-adsorption of formed products inhibiting the
overall dehydrogenation.

A summary of the kinetic parameters reported in the
literature for the conversion of n-heptane using Pt-based
catalysts is provided in Table S1 in the ESL} These kinetic

was
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parameters vary largely since they were determined under
different operating conditions and with varying catalyst
systems. These variations make the comparison between the
reported parameters difficult. However, general trends can be
identified. In particular, the activation energy for the overall
reforming reactions is typically lower for monometallic Pt/
AlO; catalysts (approx. 30-80 kJ mol™") compared to
bimetallic Pt-Sn/Al,O; (approx. 110-200 kJ mol™).
Additionally, the activation energy for cracking reactions is
higher than the one for isomerization and aromatization.
The reaction order with respect to hydrogen is negative at
low partial pressures but becomes positive at higher
pressures.

To increase the selectivity towards linear olefins, the side
reactions during alkane dehydrogenation must be restricted.
This can be achieved by carefully designing the active sites.
One way to achieve such selective active sites is to downsize
the active metal nanoparticles to a “single atom” level
(Fig. 1).2°7%¢

Recently, some of us have demonstrated that atomically
dispersed single-atom sites can be stabilized under harsh
conditions with the help of Supported Catalytically Active
Liquid Metal Solutions (SCALMS).>® In SCALMS, the single
atom sites of catalytically active metals (e.g., Pd,”® Rh,*’
Pt,>>?° Ni,*® etc.) are created by diluting them with large
excess amount of low melting metal like gallium (Tp,ee < 303
K). In these alloys, the active metal concentration is in the
range of a few at%. These alloy droplets are dispersed onto a
porous support, and under reaction conditions, they become
liquid, thereby creating a dynamic liquid gas-alloy interface.*"
The liquid nature of these alloy under reaction conditions
has been proven by means of spectroscopy and
microscopy.”®' The unique properties of isolated Pt atoms
in Ga matrix such as resistance to poison by CO have been
well investigated by Bauer et al.** using operando DRIFTS.**
More recently, we have studied effect of the synthesis
parameters of GaPt SCALMS via ultrasonication on the rate
of the galvanic displacement, thus on the morphology of the
GaPt nanocomposites, and on the catalytic performance of
the resulting materials in n-heptane dehydrogenation.*

Under reaction conditions, dopant active metal atoms
exist as isolated homogeneous sites in the much less reactive

React. Chem. Eng., 2024, 9, 154-1163 | 1155
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Fig. 1 a) SEM-EDX mapping of GaPt located on the outer surface of Al,Os support. b) Schematic representation of GaPt SCALMS catalysis at the

gas-alloy interface.

liquid metal matrix and are considered to be analogous to
single-atom alloys (SAAs).>* The properties of SCALMS are
linked to the unique dynamic interface and modified
electronic properties of isolated active metal atoms in the Ga
matrix,”® which enhances its activity. In addition, the
presence of uniform active sites makes SCALMS systems
highly selective.>**' GaPt SCALMS were shown to enhance
the selectivity towards the desired products and reduce side
reactions in  propane®® and  methylcyclohexane®
dehydrogenation.

In this contribution, we present the dehydrogenation of
n-heptane using SCALMS systems. We determined the
apparent reaction kinetics and reveal differences in the
reaction kinetics of GaPt/Al,O; SCALMS systems compared to
Pt/AL,O;.

Experimental

All chemicals were used as received. Al,O; support
(Brockmann activity I, pH: 7.0 + 0.5, particle size: 50-150 pm,
Sigma Aldrich), gallium nuggets (size: 3 mm, purity:
99.999%, Materion), chloroplatinic acid hexahydrate (Pt
basis: >37.50%, Sigma-Aldrich), and anhydrous propan-2-ol
(purity:  =99.8%, content 0.003%, VWR
Chemicals) were used for catalyst preparation. The feedstock

n-heptane (=99%) was purchased from Honeywell.

water max.:

Catalysts preparation

GaPt/Al,O; SCALMS was prepared using a top-down method
described previously.®® Here, millimetre-sized Ga-nuggets
were dispersed using ultrasonication into Ga nanodroplets
(100-300 nm on average) in propan-2-ol. This dispersion
was deposited onto an Al,O; support by slowly evaporating
the solvent under vacuum at 313 K using a rotary
evaporator. To remove the solvent completely, the solid was
calcined at 773 K under ambient conditions to produce Ga-
decorated Al,O;. Pt was introduced into Ga-decorated Al,O;
via partial galvanic displacement in a solution of
hexachloroplatinic acid. The desired Ga to Pt atomic ratio
was obtained by adjusting the amount of stock solution
added. The solid obtained was then calcined at 773 K
under air. Calcination resulted in a thin gallium oxide skin

1156 | React. Chem. Eng., 2024, 9, 1154-1163

which, after the material has been placed into the reactor,
was removed by pre-treatment with hydrogen (723 K,
atmospheric pressure, 50 mLy min " H, flow, 120 min).

Pt/Al,O; catalyst was prepared via the classical wet
impregnation method. Al,O; support was suspended in
propan-2-ol, and the required amount of Pt precursor
(hexachloroplatinic acid) was added. The solvent was then
slowly evaporated under vacuum at 313 K using a rotary
evaporator. The solid obtained was then calcined for 2 hours
at 773 K under in air to produce the Pt/Al,O; material that
was placed in the catalytic reactor and pre-treated under
hydrogen atmosphere.

Catalysts characterization

The chemical compositions of the prepared catalysts (see
Table S3t) were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Ciros CCD
instrument, Spectro Analytical Instruments GmbH). The
analysis method applied digesting the catalyst in a solution
of hydrochloric acid, nitric acid, and hydrofluoric acid in
volumetric ratios of 3:1:1.

The surface area and pore size of the catalyst materials
were determined by nitrogen sorption (QUADRASORB™
v5.06) at 77.35 K. Multipoint BET
determined at a relative pressure range of 0.05 to 0.35. The
coefficient of determination R®> was ensured to be above
0.999 for all samples. CO-temperature programmed
desorption (CO-TPD) experiments were carried out on a
Micromeritics Autochem II 2920 Chemisorb. Density
functional theory (DFT) was employed to determine the pore
size distribution (PSD).

surface area was

Experimental set-up

Catalytic dehydrogenation of n-heptane was carried out in a
fixed-bed tubular reactor. A continuous flow laboratory
mini-plant was used for this purpose (see Fig. S1 and S2 in
the ESIf). The catalyst material (2.5 g), prepared as
described before, was placed in the isothermal zone of the
tubular reactor (material: Inconel®, inner diameter: 10 mm,
length: 500 mm) between two quartz wool beds. The
tubular reactor was positioned inside an electrically heated

This journal is © The Royal Society of Chemistry 2024
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tubular split furnace (Carbolite). Prior to each reaction, the
catalyst was pre-treated under 50 mLy min™' H, (purity:
99.99%, Linde Gas) at 723 K for 2 hours. For SCALMS
systems, this step minimizes the oxide skin of the
supported Ga-Pt droplets formed during -calcination.
Following this pre-treatment, the reactor was flushed with
100 mLy min™' He (purity: 99.996%, Linde Gas) for 30
minutes and allowed to cool down or heated up to the
reaction temperature (683-743 K). Once the temperature
stabilized, the reactor was sealed under the inert
atmosphere, and the flow of reactants was started through
the by-pass. Liquid n-heptane (0.062 g min™) was
evaporated in a stream of H, and He. After stabilization,
the reaction was started by closing the by-pass line and
diverting the flow of the reactants to the reactor.

The composition of the product stream was analyzed by
gas chromatography (GC) using an Agilent 7820A GC
equipped with a Restek Rtx®-100-DHA column (100 m, 0.25
mm ID, 0.5 pum coating) coupled with a Restek Rtx®-5-
PONA tuning column (5 m, 0.25 mm ID, 1.0 um coating)
and a flame ionization detector (FID). Since the relative
response factors of all the hydrocarbons were close to
unity,** the mole fractions of all components i (x;) were
calculated directly from the peak areas. Further details,
including products detected, their classification, and
sample chromatogram, are provided in the ESIf (Fig. S3
and Table S2).

Kinetic measurements

The kinetics measurements were performed in a temperature
range between 683 to 743 K. The n-heptane reaction order
was determined between 25 and 100 mbar at an interval of
50 mbar while keeping H, partial pressure (200 and 800 hPa)
and temperature (703 K) constant. The reaction order of H,
was determined between 200 and 800 hPa at an interval of
200 hPa while keeping the n-heptane partial pressure (100
hPa) and temperature constant (703 K).

The conversion of n-heptane Xpeptane, the individual
selectivities S;, and the product yields Y; were calculated
according to eqn (1)—(3).

Xheptane,0 ~ Xheptane
Xheptane - (1)
Xheptane,0
X
Sj=—t )

Xheptane,0 ~ Xheptane

Y; = Xheptane X S; (3)

where Xpeptane,0 is the mole fraction of n-heptane in the feed,
Xheptane 18 the mole fraction of n-heptane in the product
stream, x; is the mole fraction of product i. With Fyeptane
being the mole flow rate of n-heptane in the feed and mp
being the mass of Pt in the catalyst bed, the heptenes
productivity can be calculated according to eqn (4).

This journal is © The Royal Society of Chemistry 2024
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Fheptane X Yheptene (4)

P heptenes —
Mp¢

The overall rate of depletion of n-heptane was calculated
according to eqn (5).

Xheptane 'Fheptane

— (5)

Rheptane =
Mpt

For calculating this rate, a power-law kinetic model can be
applied:

Ryeptane = k x p(HZ)n X p(heptane)m (6)

where k is the reaction rate constant, p(H,) and p(heptane)
are the partial pressures for hydrogen and heptane and n and
m are the reaction orders thereof. The rates for individual
product formation were calculated by considering the formed
amount of these products, eg, heptenes for
dehydrogenation, toluene for aromatization and <C7
compounds for cracking.

Combining eqn (5) and (6) and linearizing the resulting
equation yields eqn (7), from which the effective activation
energy is obtained using an Arrhenius plot. Note that the
initial rates have been used here.

E 1
In (Rheptane) = In[ko x p(Hz)" x p(heptane)™] - ATfff (?) (7)

Eqn (7) can be rearranged to allow the determination of the
pre-exponential factor (ko) as the intercept of the y-axis.

Rheptane Epett (1
1 = In(ko) - — 8
n(p(Hz)"XP(heptane)'") N~ (T) ©)

The apparent kinetic data were further optimized using
MATLAB minimization using the sum of squared error (SSE).
Details of processing and optimizing the kinetic data are
given in the ESL}

Results and discussion

Table 1 summarizes the textural characterization of the
applied bare support and the two prepared catalysts. The
bare Al,O; support and both catalysts show very similar
textural characterization (surface area, pore volume, and pore
size). This indicates that neither the preparation of Pt/Al,O;3
catalyst via wet impregnation nor the SCALMS synthesis via
ultrasonication followed by galvanic displacement changed
the textural properties of the support significantly. The

Table 1 BET surface area (Sggy), total pore volume (Vpoe), and average
pore size (Dpore) for support and catalysts

SBET VPore DPore
Material m* g™’ em?® gt nm
ALO; 145.0 0.30 7.9
Pt/Al,O5 145.7 0.30 7.4
Gag,Pt/Al, O, 130.0 0.28 8.3

React. Chem. Eng., 2024, 9, 1154-1163 | 1157
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Fig. 2 Performance and reproducibility studies for n-heptane dehydrogenation using a) Pt/Al,Os (black symbols) and b) GagsPt/Al,O3 (red
symbols). Conversion of n-heptane is indicated by filled symbols, and selectivity for n-heptenes is shown in open symbols. Pre-reduction
conditions: 723 K, atmospheric pressure, 50 mLymin™ H, flow, 120 min. Reaction conditions: 703 K, atmospheric pressure, 2.5 mL catalyst bed
volume, 150 mLy min~* total flow, 100 hPa n-heptane, 200 hPa Hj, and 700 hPa He.

dispersion of deposited Pt and GaPt was calculated from CO-
TPD studies (see Table S8 in ESIf for details) and was found
to be 1.8% for Pt/Al,O; and 2.4% in case of GaPt SCALMS.

Prior to the start of our kinetic experiments, the blind
activity of the reactor, the bare Al,O; support, and of Ga
supported on Al,O; were tested. None of these blank
experiments showed significant conversion of n-heptane (see
Fig. S5 and S6 in ESI¥).

Next, the performance and reproducibility of the
n-heptane dehydrogenation reaction with the two Pt-based
catalyst under investigation were evaluated. Fresh catalysts
(Pt/Al,03 and Gag,Pt/Al,0; SCALMS) were tested at 703 K and
atmospheric pressure. Fig. 2 reveals the surprising finding
that both catalysts perform in a similar range in activity and
n-heptenes selectivity. Still some important differences are
notable.

Both with the Pt/Al,O; catalyst gave
conversions slightly above 8% which declined rapidly
during the initial runtime and reached around 5%
conversion after 7 h time on stream. The SCALMS catalyst
showed a slightly lower initial activity with conversions of
around 6%. It showed, however, a lower degree of
deactivation over the 7 h time-on-stream so that the final
conversion in the experiment was found even slightly
higher than for the Pt/Al,O; catalyst. Deactivation of solid
catalysts in alkane dehydrogenation is mainly caused by
coking at vicinal sites.*® In SCALMS systems, we attributed
the much lower degree of coking to the support surface, in
this case alumina.*® The SCALMS catalysts showed a very
stable selectivity over time. Regarding the calculation of the
Pt-based productivity (see Fig. S10 in ESIf for details) a
value of 50 gheprenes gpc - h ' was calculated for Pt/ALOs;,

runs initial

1158 | React. Chem. Eng., 2024, 9, 1154-1163

while the SCALMS system reaches 80 gheptenes gp¢ = h . The
increase is indicative of the high utilization of the dissolved
Pt atoms in the dynamic liquid alloy. No post run analysis
of the catalysts was made, but we reported in previous
studies that the nature of SCALMS catalysts remains, with

04 1 1 1 1 1 1 1 1

©
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o
o
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Fig. 3 Logarithmic plot of rate of depletion for n-heptane
dehydrogenation as a function of hydrogen partial pressure at 100
mbar constant n-heptane partial pressure for GagsPt/Al,O3 SCALMS
(red squares) and Pt/Al,O3z (black circles). Pre-reduction conditions:
723 K, atmospheric pressure, 50 mLymin™* H, flow, 120 min. Reaction
conditions: 703 K, atmospheric pressure, 2.5 mL catalyst bed volume,
150 mly min™* total flow, 100 hPa n-heptane, 200-800 hPa H,, and
100-700 hPa He. Note: each data point represents an average of three
consecutive measurements, excluding the very first measurement
point (see Fig. S13 and S147 for details).
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Fig. 4 Effect of H, partial pressure on product distribution in n-heptane dehydrogenation using a) Pt/Al,Os and b) GagsPt/Al,O3 SCALMS.
Selectivity of n-heptenes (red), toluene (green), cracking (blue) and other (pink) products are shown. Pre-reduction conditions: 723 K, atmospheric
pressure, 50 mLy min! H, flow, 120 min. Reaction conditions: 703 K, atmospheric pressure, 2.5 mL catalyst bed volume, 150 mly min ! total flow,

100 hPa n-heptane, 200-800 hPa H,, and 100-700 hPa He.

e.g., Pt being associated to Ga even after harsh conditions
of propane dehydrogenation.?®

Our kinetic experiments targeted first the aspect of a
potential influence of internal or external diffusion limitation
on the observed overall performances of the catalysts under
investigation. With the Pt/Al,O; catalyst at 743 K and a
constant volume flow of 150 mLy min ', a variation of the
catalyst pellet size from an average of 150 pm to 350 um was
performed and did not reveal any change in the overall rate
(see Fig. S7 in ESIf). Therefore, pore diffusion limitation can
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0.00140 0.00145
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Fig. 5 Arrhenius plots for n-heptane dehydrogenation reaction using
Gag4Pt/Al,05 SCALMS (red squares) and Pt/Al,Os (black circles). Pre-
reduction conditions: 723 K, atmospheric pressure, 50 mLy min* H,
flow, 120 min. Reaction conditions: 683-743 K, atmospheric pressure,
25 mL catalyst bed volume, 150 mly min™ total flow, 100 hPa
n-heptane, 800 hPa H,, and 100 hPa He.

T
0.00135 0.00150
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be excluded for this catalyst under the applied conditions. To
study the effect of external mass transfer limitation, the
volumetric flow rate through the reactor was varied at
constant residence time by adjusting the catalyst bed volume.
The rate of depletion was not affected above 120 mLy min™"
(see Fig. S8 and S9 in ESIf). Consequently, film diffusion
effects can be excluded for the Pt/Al,O; catalyst under
feedstock flow conditions above 120 mLy min". In a similar
manner, we also excluded potential diffusion effects for the
Pt/Al,O; catalyst at 743 K, which was the upper limit of our
temperature experiments.

For the applied SCALMS catalysts, it has been shown in
previous work that most of the GaPt droplets produced
during preparation are about one order of magnitude bigger
than the support pores. Thus, the biggest part of these
droplets is located at the outer surface of the support
material.*” Thus, no significant pore diffusion limitation is
expected. In-line with the similar activity range compared to
the Pt/Al,O; catalyst, we found that also for the SCALMS
material under investigation the internal and external
diffusion effects can be excluded for using alumina pellets
with a particle size between 50-150 pm and a total volumetric
flow rate of 150 mLy min .

Fig. 3 shows the logarithmic plot of n-heptane depletion
rate as a function of hydrogen partial pressure for both Pt/
Al,O; and the SCALMS material. From the conversion data
(see Fig. 2) the data points of Fig. 3 have been determined by
averaging the first three consecutive data points (see ESIY
and Fig. S13 and S14 for details). Noteworthy, the rate is
higher for Gag,Pt/Al,O; at any hydrogen partial pressure than
for the Pt/Al,O; catalyst. The hydrogen reaction order for
SCALMS was determined to be 0.06, while Pt/Al,O; resulted
in a higher value of 0.35. It is generally agreed that the
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Fig. 6 Effect of temperature on product distribution in n-heptane dehydrogenation using a) Pt/Al,Oz and b) GagsPt/Al,O5 SCALMS. Yields of
cracking (red), n-heptenes (green), toluene (blue), and other (purple) products are shown. Pre-reduction conditions: 723 K, atmospheric pressure,
50 mLymin™ H, flow, 120 min. Reaction conditions: 683-743 K, atmospheric pressure, 2.5 mL catalyst bed volume, 150 mly min~* total flow, 100

mbar n-heptane, 800 mbar H,, and 100 mbar He.

presence of hydrogen helps in keeping the active Pt sites free
from coking by hydrogenation of olefinic species adsorbed
on the catalyst surface."”***° It seems that this effect is not
as pronounced for SCALMS, assumingly because the highly
dynamic liquid-gas interface in SCALMS is less affected by
coking.****?* This effect is confirmed here by the low
dependency of the reaction rate on the hydrogen partial
pressure in the reactor.

Looking at the selectivity of n-heptenes at different H,
partial pressures (see Fig. 4 and Table S4f), it appears that
for both Pt-based -catalysts under investigation higher
hydrogen partial pressure lowers the n-heptene yield from 80
to 75%. For the SCALMS system the selectivities are by few
percent points higher. For the Pt/Al,O; catalyst, the selectivity
loss with higher partial pressure of H, is slightly more
pronounces than with the SCALMS system. All selectivity
comparison results have been elaborated at a conversion level
of 6%.

The reaction orders of n-heptane were determined both at
200 and 800 hPa partial pressure of hydrogen (see Fig. S11 in
ESIt). In both cases, the conversion decreased as the
n-heptane partial pressure increased (see Tables S5 and S6 in
ESIT). Both catalysts revealed similar reaction orders around

Table 2 Activation energies for total heptane depletion and major side
reactions in n-heptane dehydrogenation reaction calculated for Pt/Al,Oz
and Gag4Pt/Al,Oz SCALMS

Activation energy/k] mol™

Reaction Pt/Al,O4 Gag,Pt/Al,O3
Total heptane depletion 67.9 69.2
Dehydrogenation 65.0 49.5
Aromatization 96.3 137.4
Cracking 56.5 111.1

1160 | React. Chem. Eng., 2024, 9, 1154-1163

0.64 (for 200 hPa H,) and 0.75 (for 800 hPa H,). The by-
product formation for both catalysts followed similar trends,
with toluene and cracking product yields decreasing at higher
partial pressure of n-heptane.

The effective activation energies Ea.s for n-heptane
dehydrogenation on Pt/Al,O;, and the Gag,Pt/Al,0; SCALMS
system under investigation were determined in the
temperature range between 683 and 743 K using 800 hPa
partial pressure of H,. As shown in Fig. 5, both catalysts
showed very similar activation energies of around 68 KkJ
mol ™. Note, that literature values for the activation energy in
alkane dehydrogenation vary significantly. While for
monometallic catalysts such as Pt/Al,O; values in the range
of 30-80 kJ mol™" were reported, bimetallic systems such as
PtSn/Al,0; showed much higher values > 110 kJ mol™". The
activation energy for Pt/Al,0; (68 + 12 k] mol™) found in this
study indicates the absence of severe internal and external
transport limitations and agrees with our studies to exclude
these effects (see ESIt for details). The similar value for the
SCALMS catalyst also indicates the absence of transport
effects.

Between 683 and 723 K, both catalysts yielded a similar
product distribution. However, a remarkable difference in
selectivity is found for the two catalysts under investigation
above 723 K (see Fig. 6 and Table S7 in ESIf). While the Pt/
Al,O; catalyst turns to a significant extent into a cracking
and aromatization catalyst, the supported liquid metal alloy
system keeps its preference for alkane dehydrogenation to
the desired olefinic products. The respective activation
energies are summarized in Table 2.

As shown in the table, these selectivity differences are well
reflected in the individual activation of the different reaction
products. While both the Pt on alumina and the SCALMS
material show very similar overall activation energies, the

This journal is © The Royal Society of Chemistry 2024
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Table 3 Comparison between power-law parameters obtained via MATLAB facilitated parameter fitting for n-heptane dehydrogenation using the Pt/

ALO3z and SCALMS

Catalyst Ej ee/k] mol ™ Order m/-* order n/-? kol Error/% SSE/-
Pt/Al,O4 68.1 0.68 0.26 6.04 x 10° 8.47 0.20
Gag,Pt/AL,O, 69.7 0.68 0.00 8.04 x 10° 5.55 0.07
“ Reaction order of n-heptane. ? Reaction order of hydrogen. ¢ MOlheprane goe - h bar ("),
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Fig. 7 Parity graph of the calculated reaction rate (Rmodel) and the experimental reaction rate (R.ac) in n-heptane dehydrogenation using a) Pt/
AlLOs and b) GagsPt/Al,O3 SCALMS catalysts. Fitted parameters used for Pt/Al,O3z: Epapp = 68.1 kJ mol™, H, reaction order = 0.26, n-heptane
reaction order = 0.68, and frequency factor = 6.04 x 10°. Average error = 8.47%). Fitted parameters used for GagsPt/Al,O5 SCALMS: (Epapp = 69.7
kJ mol™, H, reaction order = 0, n-heptane reaction order = 0.68, and frequency factor = 8.04 x 10°. Average error = 5.55%).

one for n-heptenes formation is significantly lower for the
SCALMS system and the ones for aromatization and cracking
are significantly lower for the Pt on alumina catalyst. The
value for the Pt on alumina catalyst for the dehydrogenation
reaction of 65.0 kJ] mol™ is in good agreement with the
recently published data for n-octane dehydrogenation (57.3
k] mol™") from the Jess group using a similar, promoted
catalyst."

We interpret the differences in reaction selectivities found
at high temperature between Pt on alumina and the SCALMS
material as result of the Pt atoms being atomically dissolved
in the Ga matrix. Consequently, side-reaction requiring larger
ensembles of Pt atoms”® are disfavored. Selectivity effects
through reduction of Pt ensemble sizes were experimentally
proven by De Jongste and co-workers for a PtCu system.*
Reducing the Pt ensemble size down to a single-atom level
was reported to be beneficial to suppress coking and yielded
higher selectivity.>>*>

Following the determination of the reaction orders and
the activation energy, the pre-exponential factor was
determined from eqn (8). The reaction orders for n-heptane
were similar at the two different hydrogen partial pressures,
hence an average value of 0.7 was used. The pre-exponential
factors for SCALMS and Pt/Al,O; were found to be 6.04 x 10°
and 8.04 x 10° Molpeprane o - h ™" bar ™), respectively (see

This journal is © The Royal Society of Chemistry 2024

Table 3 for details). To validate the power law model, a
comparison of the reaction rate observed experimentally, and
the reaction rate calculated using the power law model with
the parameters as determined was made (see ESIf for
details). The parity plot of Reae VS. Rmoder reveals good
agreement with all but two data points being inside the
+10% envelope.

These parameters were further improved by employing a
numerical evaluation using a minimization algorithm
provided by the MATLAB software (see Fig. S12 in ESIf for
more details). The so-optimized parameters showed an
improvement of about 3% for both catalyst systems in the
parity plot (see Fig. 7). The results indicated that for the
SCALMS catalyst, a zero-order in H, gave a better fit for the
experimental data, as summarized in Table 3.

Conclusion

In the present work, we have extended the application of
Supported Catalytically Active Metal Solutions (SCALMS) to
the dehydrogenation of intermediate-chain length alkanes. In
detail, we studied the dehydrogenation of n-heptane to
n-heptenes. A classical Pt/Al,O; catalyst system was compared
to a supported catalytically active liquid metal solution
(SCALMS) system of the composition Gag,Pt/Al,05;. Both

React. Chem. Eng., 2024, 9, 154-1163 | 1161
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catalysts gave reproducible results in the continuous gas-
phase dehydrogenation of n-heptane. Conversion and
selectivities at 703 K were comparable with approx. 6% initial
conversion and 80% selectivity to heptenes at the applied
reaction conditions. Both catalysts deactivated slightly during
the first six hours of the experiment with lower initial
deactivation rate found for the SALMS system.

Since the amount of precious Pt was significantly lower in
the case of SCALMS, the resulting Pt-based productivity was
higher with the Gag,Pt/Al,O; system by almost 50%,
showcasing the efficient utilization of precious metals in
supported liquid metal catalysis. The kinetic parameters
determined for the Pt on alumina catalyst were found to be
in good agreement with the literature. For the SCALMS
system, a significantly lower effective activation energy of 50
k] mol™ was obtained for the dehydrogenation, while the
undesired side-reactions cracking, and aromatization showed
much higher barriers than for the Pt on alumina catalyst.
The reaction order for hydrogen was found to be zero for
SCALMS and 0.35 for Pt/Al,0;, while the one for n-heptane
was around 0.7 for both catalysts. The resulting kinetic data
were used in a power rate model and gave reliable
predictions of catalyst performance within a +10%
confidence interval. The use of SCALMS catalysts in high-
temperature applications offers some benefits compared to
standard heterogeneous catalysts. Given the higher dynamics
at the gas-liquid alloy interface, the SCALMS material
benefits from better utilization of Pt and of a lower tendency
for deactivation by coke formation.
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