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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.B. Basile In this contribution, a step change in the power density of hydrogen release from LOHC systems is presented. This

could be achieved by the use of hierarchical alumina supports in combination with high Pt loadings. Here, a

Keywords: demonstration was carried out for the catalytic dehydrogenation of perhydro dibenzyltoluene (H18-DBT). In the
LOHC course of our study, different alumina support materials were characterized and loaded with 0.3, 0.6, 0.9 and 1.2
Dehydrogenation

wt%py, respectively. It was found that a specific bimodal pore structure with a large pore volume in both, the
mesoporous range between 10 and 25 nm and the macroporous range between 500 and 1000 nm, enabled high
Pt-based productivities even at Pt loadings, four times higher than that of the current technical standard. This
gives access to a substantially improved volumetric power density of the respective catalyst. In batch dehy-
drogenation experiments with a 1.5 mm pellet and a Pt loading of 0.9 wt%p, a doubling of volumetric power
density could be achieved compared to the technical 0.3 wt%p, standard material (Clariant, Elemax D102). Our
analytical work elucidated that this highly relevant increase can be related to a faster mass transfer resulting
from the special pore structure of the catalyst support and to a better Pt distribution on the support resulting in a
thinner egg-shell layer. Using the optimized catalyst materials in continuous fixed-bed dehydrogenation exper-
iments higher gas hold-up in the reactor and dewetting of the catalyst surface become additional aspects that
influence the overall observed catalyst performance.
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1. Introduction

In the future carbon-neutral energy system, hydrogen and hydrogen-
derived compounds represent important vectors for energy storage and
transport [1-3]. Liquid Organic Hydrogen Carrier (LOHC) systems
enable the chemical binding of hydrogen at energy-rich locations and
times, storage and transport at ambient conditions using existing fuel
infrastructure and release at locations and times of energy or hydrogen
need [4,5]. Consequently, LOHC systems offer a practical and
rapid-to-implement solution for energy and hydrogen transportation
[6-10] and storage of large amounts of energy over extended times
[11-13] (e.g. several days to seasonal storage). For example, the LOHC
system  dibenzyltoluene = (HO-DBT)/perhydro  dibenzyltoluene
(H18-DBT) that is applied in this work provides a hydrogen storage
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capacity of 6.2 wt% while its physico-chemical properties are similar to
diesel fuel [14].

The future technical use of LOHC systems will rely heavily on techno-
economic considerations for specific use cases [6-8,15-20]. Important
aspects are the hydrogen quantity and quality in demand, the transport
distance, and the availability of waste heat at the location of hydrogen
release [6,20,21]. A central element of the capital cost calculations for a
hydrogen release unit from LOHC systems is the dehydrogenation
reactor that includes the dehydrogenation catalyst. The latter consists of
the support material and the active precious metal [8,10,16]. In order to
reduce the costs of the reactor, it is highly attractive to increase its
volumetric power density, i.e. the space-time-yield (STY) of the
respective dehydrogenation reaction by an improved catalyst perfor-
mance and by optimized heat and mass transport properties of the
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reaction system [22]. Such improvement results in a larger amount of
released hydrogen for a given reactor volume or in a smaller reactor for a
given hydrogen output. It is noteworthy, that a strongly increased STY
may give access to application fields that have been not feasible be-
forehand. In particular, in the field of heavy-duty mobility applications,
a higher STY may enable to meet the power demand of a given appli-
cation in the restricted volume available on-board of the respective
vehicle [23-26].

There are various methods to increase the STY of a dehydrogenation
reactor. The most obvious methods are increasing the reaction rate by
operational parameter adjustments (i.e. higher temperature, higher feed
flow leading to stationary operation at a higher degree of hydrogena-
tion, DoH) [27,28], reactor modifications (i.e. optimized heat transport
[29-31], better pre-heating or use of evaporated LOHC [32,33]), and
catalyst optimization (i.e. selective poisoning [34-36], adjustment of
optimal catalyst nanoparticle size [36,37]). Note, that the operating
temperature is limited by the chemical stability of the LOHC system
[38], and the feed flow rate determines the trade-off between hydrogen
output and utilization of the full LOHC storage capacity [39,40]. In
terms of catalyst optimization, extensive research has been dedicated to
new materials that increase productivity at given reaction conditions
[34,41-44]. Another approach to enhance STY is increasing the active
metal loading of the catalyst. If at higher loadings the Pt-based pro-
ductivity is maintained, the reactor volume could be reduced without
reducing the hydrogen output.

This study is dedicated to realizing this particular approach through
a variation of the support material. Our working hypothesis is that an
optimized hierarchical support material can enable higher Pt-loadings
without a reduction of the Pt-based productivity and thus a significant
increase in STY for the hydrogen release reaction. We chose the dehy-
drogenation of perhydro dibenzyltoluene (H18-DBT) as a test reaction
because it enables batch screening at high temperature (310 °C) and
ambient pressure without evaporation [45]. In order to obtain STY
values under steady-state conditions, the best performing catalyst ma-
terials were also tested in a continuous dehydrogenation setup.

2. Experimental
2.1. Support materials and catalyst synthesis

Four different alumina support materials were kindly provided by
Saint Gobain NorPro (SA51161, SA31132 (3.0 and 1.5 mm), SA31145)
[46]. The supports were all in pelletized form with a diameter around
3.0 mm/1.5 mm and had a bimodal pore size distribution. Details on
textural properties can be found in the results section. On the basis of
these support materials, egg-shell catalysts were synthesized by wet
impregnation with platinum sulfite acid solution (15.3 wt% Pt, abcr
GmbH). The precursor solution was diluted with water to a Pt mass
concentration of 0.05 wt% before the addition of the amount of support
necessary to reach the desired platinum loading. Complete evaporation
of the solvent was achieved in a rotary evaporator with a bath temper-
ature of 50 °C and a stepwise pressure reduction to 6 kPa. After keeping
it in a drying oven at 60 °C over night, the catalyst was reduced in a
tubular furnace at 440 °C for 2 h by a hydrogen containing gas flow
(10% Hy in Nj). For comparison, a reference catalyst was prepared
following the same procedure as described above, using a spherical
alumina support material with similar properties to the commercial
Elemax D102 catalyst [47].

2.2. Material characterization

The specific surface area of the support materials was determined by
means of nitrogen physisorption. After degassing at 250 °C and 1 Pa, the
measurements were performed in a Tristar II Plus (Micromeritics). The
BET method was used in a relative pressure range from 0.05 to 0.35 to
calculate the specific surface area. As the materials under investigation
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exhibit a bimodal pore size distribution in the meso- and macropore
range, mercury intrusion porosimetry was used to assess further textural
properties. The analysis was conducted in a Pascal 440 porosimeter
(Thermo Electron Corporation) up to a pressure of 400 MPa. The sam-
ples were also dried and degassed before the measurement. Additionally
and to characterize the pore structure in more detail, high resolution gas
adsorption measurements were performed on a commercial Autosorb iQ
automatic volumetric adsorption analyzer from Quantachrome (Boy-
nton Beach, FL, USA) equipped with 1, 10 and 1000 Torr transducers.
Argon at 87 K was used as adsorptive (Ar 6.0 purchased from Air-
Liquide). Prior to the sorption measurements, alumina materials were
outgassed at 200 °C for 12 h under high vacuum. Detailed mercury
intrusion and extrusion experiments on the evaluated materials were
performed over a wide range of pressures starting from vacuum to over
400 MPa using a Quantachrome Poremaster 60 instrument.

The platinum loading of the prepared catalysts was checked by
inductively coupled plasma optical emission spectroscopy (ICP-OES),
using a Ciros CCD device from Spectro Analytical Instruments GmbH.
For the analysis, the solid samples were digested with the help of
concentrated acids (3:1:1 HCl:HNO3:HF) and microwaves. Unless stated
otherwise, the desired platinum loading was reached in all cases within
measurement accuracy. To evaluate the platinum particle sizes and size
distributions of the catalyst on the different supports, high-resolution
transmission electron microscopy (HR-TEM) was used. Sample prepa-
ration involved scraping and grinding the outer platinum-containing
layer of the -catalysts, dispersing the resulting powder in an
isopropanol-ethanol mixture and applying it to a copper grid with lacey
carbon coating (Plano GmbH). 200 to 300 particles from different TEM
images were analyzed with the open-source platform Fiji [48]. The
thickness of the platinum egg-shell layer of the catalysts was determined
using a Leica M125C microscope.

2.3. Catalytic testing

The catalysts were initially screened in a batch dehydrogenation
setup (see Fig. 1, left). For each experiment, 19.17 g of H18-DBT were
added to a three-necked flask and a specified amount of catalyst was
placed in the catalyst feeder to allow for a molar ratio of Pt:H18-DBT of
1:2000. The setup was purged with argon and hydrogen for 10 min each,
then heated to 310 °C while maintaining a stirrer speed of 500 rpm. The
catalyst was added slowly to the pre-heated H18-DBT over a period of 5
min, ensuring that the temperature remained constant. Therefore, only
data obtained after 5 min and above 25% degree of dehydrogenation
(DoD, see eq. (1)) were considered. Hydrogen released from the reaction
was analyzed using a GSM-A mass flow meter (MFM, Vogtlin In-
struments GmbH). Liquid samples were taken at 10, 15, 25, 40, 60, 90
and 120 min after the addition of the first catalyst pellets.

The most promising catalysts (SA31132 — 3.0 mm 0.6 Wt%py,
SA31132 - 1.5 mm 0.9 wt%p) and the reference catalyst (0.3 wt%p)
were also tested in a continuous dehydrogenation setup. The reactor
tube (d; = 10 mm, 1 = 150 mm) was filled with the catalyst up to a height
of 122 mm (V¢ae = 9.6 mL) and the remaining 23 mm were filled with
glass beads to avoid cooling by back-mixed liquid. After assembly, the
setup was initially purged with argon and hydrogen for 15 min each and
then heated to 300 °C jacket temperature. The internal temperature of
the reactor at the center was monitored using a type K thermocouple.
The conditions at the different operating steps are listed in Table 1. The
released hydrogen was gravimetrically separated from the liquid, cooled
down, purified using an activated carbon filter and quantified by an
MFM GSM-A (Vogtlin Instruments GmbH). The dehydrogenated LOHC
species passed through the siphon into the product tank. Liquid samples
were taken at the end of each operating step to confirm the MFM mea-
surements and deviations were always smaller than 5%.
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Fig. 1. Experimental setups for batch (left) and continuous (right) dehydrogenation. (1) Stirrer, (2) heating mantle, (3) three-necked flask with H18-DBT and stirring
bar, (4) catalyst in addition device, (5) gas inlet for argon and hydrogen, (6) cooler, (7) mass flow meter (MFM), (8) activated carbon filter, (9) thermocouple
controlling the heating jacket, (10) feed tank with H18-DBT, (11) pump, (12) preheating coil, (13) fixed bed reactor with catalyst, (14) heating jacket, (15) glass
beads, (16) thermocouple in reactor middle, (17) thermocouple controlling the heating jacket, (18) siphon for gas/liquid separation, (19) liquid sampling, (20)
product tank.

Table 1 ¢
Operating conditions of the continuous dehydrogenation experiments for each / Vi, dt  0,0899 Sz
L m2
catalyst. 0 ’
DoD(t) =DoD, + T 1)
Operating Heating jacket temperature in Feed in g/ Duration in h Ng-ppr © 18,14 molig_par
step °C min X X .
ood: 200 > o For the continuous experiments, the DoD was calculated according to
ooding X . . . .
Day 1.1 300 05 15 eq. (2) with ngg_ppr being the molar feed of H18-DBT.
Day 1-2 310 0,5 1 y
Da§ 1-3 310 1,5 1 DoD — DoDy + Vi, () ©0,0899 e @
Day 1-4 310 3,0 1 T T Hsper ¢ 18,14 —
Day 1-5 So that TIR atatyst =~ 310 °C 0,5 1
Over night 310 0,5 15-18 The mass-related productivity P,, was calculated according to eq. (3)
Day 2-1 300 05 1 with mp, being the platinum mass used in the experiment.
Day 2-2 310 1,5 1
Day 2-3 310 3,0 1 Vg, () @ 0,0899 Bt
Day 2-4 So that TIRcatalyst ~ 310 °C 0,5 1 Pp(t) =— ubi 3

Mpy

To compare the different catalysts in the batch experiment, the mean
productivity Psge,_400 between a DoD of 30% and 40% was calculated.

The volumetric productivity P,,;, which describes the productivity
related to the packing volume of the catalyst, was calculated according
to eq. (4) with p_, being the packing density of the catalyst and wpt car
being the weight loading of platinum on the catalyst. For continuous
experiments P, equals the STY.

2.4. LOHC product analysis
The liquid Hx-DBT samples were characterized regarding the DoD

via 'H NMR as previously described [30,49]. For the evaluation of the
corresponding spectra the software ACD Spectrus Processor was used.

2.5. Calculations

onl :Pm ©® Wptcat ® Pear (4)
Besides liquid phase analysis via NMR, the DoD was calculated via Since the support materials have different packing densities, we also
the continuous gas phase analysis by a mass flow meter according to eq. considered the platinum density in the packing volume of the used
(1) with Vyy, being the measured volumetric hydrogen stream and catalyst pp, for a better comparison according to eq. (5).
ngis-ppr being the molar amount of H18-DBT used in the batch exper-
Ppt = Wptcat ® Pear (5)

iment. Both methods for DoD analysis (liquid and gas phase) agreed very
well and deviations were always below 5%.
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3. Results and discussion

Different characteristic properties of the applied catalyst support
materials were determined by nitrogen physisorption, mercury intrusion
and weighing of a defined packing volume. The results are shown in
Table 2 in comparison with the values from the supplier data sheet. The
corresponding sorption isotherms and pore size distributions can be
found in the ESI.

Overall, the measured data are in reasonable agreement with the
supplier information [46] and the values lie in the same orders of
magnitude. Deviations can be attributed to batch fluctuations during
production and measurement accuracy. From the data an inverse cor-
relation between specific surface area and pore size can be seen. To
evaluate the influence of these parameters on dehydrogenation activity,
different catalysts were prepared on the basis of the support materials
and tested in the batch dehydrogenation of H18-DBT. The calculated
mass-based productivities of the catalysts A, B and C with the corre-
sponding support materials are shown in Fig. 2 together with their
characteristic properties. The reference line indicates the productivity of
the reference catalyst equally to the commercial material.

From the graphical representation in Fig. 2, a maximum in mass-
related productivity can be seen for catalyst B. The determined value
of 4.3 gy2 gpt min~! corresponds to a 12% increase in comparison to the
technical reference material. As the observable dehydrogenation activ-
ity is the result of a complex interplay of different catalyst properties,
catalyst B seems to feature the most advantageous combination of these
properties among the tested catalyst samples. An intermediate surface
area of 69 m? g’l enables a good dispersion of Pt on the catalyst support
(Fig. 3). Accordingly, the mean Pt particle diameter is found to be 1.00
nm and is thus significantly smaller than the one of catalyst A (2.04 nm)
with a specific surface area of only 6 m? g~1. Furthermore, the particle
size distribution is significantly broader for the latter (see ESI). In
contrast, catalyst C with an even larger surface area of 80 m? g~! does
not show a smaller Pt particle size nor a higher productivity compared to
catalyst B. This leads to the conclusion that a sufficiently large surface
area is needed to obtain a good Pt dispersion but a further increase
beyond this value does not lead to further improvement. Conversely, a
larger specific surface area is associated with a smaller pore size which
can lead to mass transport limitations due to the relatively large LOHC-
molecules [35,36]. Besides the pore dimensions, the thickness of the
platinum egg-shell layer has also been found to influence mass transport
limitations [50]. The catalyst layer-thickness is again influenced by the
specific surface area of the support. A larger surface area leads to thinner
platinum egg-shell layers, as can be seen from Fig. 3. There is a certain
difference between the measured values for catalyst B (101 pm) and C
(49 pm), while the small surface area of catalyst A is associated with a
full impregnation of the catalyst pellet and therefore a stronger influence
of mass transport limitations.

Based on these results, catalyst B was chosen for further in-
vestigations. In addition to the 3.0 mm pellet, a smaller one with 1.5 mm
diameter was also tested. The aim of this additional catalyst pellet size
was to provide a larger outer surface area to improve mass transport and
to achieve a higher packing density and therefore a higher Pt amount in

Table 2
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Fig. 2. Mass-related productivities in the batch dehydrogenation of H18-DBT
and characteristic properties of the catalysts based on the support materials
A, B and C, 3.0 mm pellets. Experimental conditions: T = 583.15 K, p = 1 bar
(a), n(H18-DBT) = 0.066 mol, n(Pt):n(H18-DBT) = 1:2000, Wp,cqt = 0.3 Wt%p.

the reactor. As the power density of LOHC dehydrogenation reactors
depends on the amount and utilization of platinum metal in the reactor,
a Pt loading variation was carried out. Catalysts with Pt loadings be-
tween 0.3 and 0.9 wt%p; were synthesized and tested in the batch
dehydrogenation of H18-DBT. The Pt loadings and the catalyst pro-
ductivities were normalized to the catalyst packing volume to enable a
theoretical transfer of the results to continuous fixed-bed reactors. The
results are shown in Fig. 4.

Interestingly, different trends can be observed for the catalysts based
on the reference support material and the support material B with
increasing Pt loading. Concentrating on the 3.0 mm version of catalyst B
first, a doubling of the platinum loading from 0.3 to 0.6 wt%p, which
corresponds to platinum densities of 1.8 and 3.6 gp¢ Lo, respectively, is
accompanied by an increase in volumetric productivity by 61%, whereas
a decrease by 11% was found for the reference. But no further
improvement was achieved when the catalyst loading was increased to
0.9 wt%p; for catalyst B, 3.0 mm. To explain the different behaviour of
the reference and catalyst B, factors that influence the effectiveness of
the Pt utilization in the different catalysts have to be considered. In this
regard, the Pt dispersion and the Pt distribution within the catalyst
pellet, i.e. the thickness of the egg-shell layer, are of special interest. It
can be assumed that with increasing Pt loading, especially in combina-
tion with a low specific surface area, larger Pt particles or thicker egg-
shell layers are formed which both would result in a lower Pt-based
catalyst productivity. To verify this assumption, TEM and light micro-
scope images of the two catalysts with loadings of 0.3 and 0.6 wt%p
were compared (Fig. 5).

From the TEM images an increase in Pt particle size can be seen for
both catalysts with higher Pt loading. For the reference material the
mean particle diameter changes from 1.28 to 1.48 nm, for catalyst B a

Characteristic properties of different catalyst support materials; comparison of supplier information and measured data.

Material A SA51161 Material B SA31132 Material C SA31145

catalogue measured catalogue measured catalogue measured
Specific surface area (m? g—') 4.5 5.9° 55 69" 75 80°
Pore size (nm) 100/11,000 107,/20,000° 25/550 16/740° 20/230 17/270°
Packing density (kg L™1) 0.96 0.99° 0.55 0.60° 0.66 0.70¢

# N, physisorption.
b Hg porosimetry.
¢ Weighing of defined packing volume.
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Fig. 4. Volumetric productivity between 30% and 40% DoD in the batch
dehydrogenation of H18-DBT over platinum density of catalysts with different
loadings and based on reference and support material B, 1.5 and 3 mm pellets.
Experimental conditions: T = 583.15 K, p = 1 bar(a), n(H18-DBT) = 0.066 mol,
n(Pt):n(H18-DBT) = 1:2000, Wpcac = 0.3, 0.6, 0.9, 1.2 wt%p;.

change from 1.00 to 1.33 nm is observed. Since the increase in particle
size with increasing Pt loading is consistent for both catalyst types, this
cannot explain the observed difference in relative catalytic activity be-
tween the different loadings for the two different supports. Regarding
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TEM images of Pt-nanoparticles (left) and light microscope images of cross-sections with visible platinum egg-shell layer (right) of catalysts A, B and C.

the Pt egg-shell thickness, an increase from 215 to 268 pm was deter-
mined for the reference catalysts whereas almost no change (101 vs.
104 pm) was found for catalyst B. Consequently, the thickening of the Pt
egg-shell layer with increasing Pt loading could explain the productivity
drop in case of the reference catalyst in comparison to catalyst B. A
reason for this could be the larger specific surface area and the bimodal
pore structure of catalyst B. To validate this assumption, high-resolution
gas adsorption and mercury intrusion/extrusion measurements were
performed with the corresponding support materials. The so-determined
pore size distributions are shown in Fig. 6.

For both support materials, no pores in the micropore range (<2 nm)
can be observed. These would also not be beneficial in the case of H18-
DBT dehydrogenation due to the size of the molecules and the resulting
mass transport limitations. Mesopores (2-50 nm), in contrast, enable a
fast diffusional transport of the LOHC molecules and generate the inner
surface area necessary to enable a good dispersion of the Pt nano-
particles. Astonishingly, the support material of catalyst B provides an
approximately three times higher pore volume in this very beneficial
pore size range. The larger mesopore volume with its inner surface area
is capable of taking up a higher Pt loading without increasing the
penetration depth. Furthermore, it is noticeable that support B also ex-
hibits a higher pore volume in the macropore range (>50 nm) than the
reference. Macropores can further enhance the transport of LOHC mol-
ecules and the nucleation of hydrogen gas bubbles which accelerates
mass transport and therefore the microkinetic reaction rate in two ways.
The described beneficial structure of the new catalyst B in comparison to
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Fig. 5. TEM images of Pt-nanoparticles (left) and light microscope images of cross-sections with visible Pt egg-shell layer (right) of different catalysts based on

reference and support material B and loadings of 0.3 and 0.6 wt%p;.

the reference, showing the support (white), the Pt egg-shell layer (grey)
and the Pt nanoparticles (black) is illustrated in Fig. 7.

Overall, the results show impressively that the high pore volume of
the catalyst support material B in both the meso- and the macropore
range is likely to create the prerequisite for high Pt-based productivities
at enhanced Pt loadings on the support. In this way, substantially higher
volume-related productivities can be achieved during hydrogen release
from H18-DBT. At a Pt loading of 0.6 wt%p; a 150% increase in STY
could be achieved in the batch dehydrogenation experiment using the
new catalyst support with a 1.7 times higher Pt density compared to the
commercial reference material.

To further improve the volumetric productivity of a support B-based
dehydrogenation catalyst, smaller pellets with 1.5 mm diameter were

1287

used for catalyst preparation. The results are also shown in Fig. 4. In
contrast to the 3.0 mm pellets, the 1.5 mm pellets of catalyst B show a
further increase in volumetric productivity with a rise in the Pt loading
from 0.6 to 0.9 wt%p.. Remarkably, for the 1.5 mm pellet at a loading of
0.9 wt%p, a smaller Pt egg-shell thickness of 155 pm is reached in
comparison to 170 pm for the 3 mm pellet. The left-shift of the curve for
catalyst B, 1.5 mm compared to the 3.0 mm-sized material can be
explained by the slightly lower packing density of the smaller pellets
(0.48 kg L ! vs. 0.60 kg L 1). Again, an even higher loading of 1.2 wt%p;
does not lead to a further improvement regarding the volumetric pro-
ductivity of catalyst B, 1.5 mm. Compared to the commercial reference
catalyst, the use of 1.5 mm pellets of catalyst B with a loading of 0.9 wt
%p¢ leads to an impressive increase of the theoretical STY by 200% with
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Fig. 6. Pore size distributions of the reference and catalyst B support materials
derived from high-resolution Ar (87 K) gas adsorption and mercury intrusion
measurements.

a doubling of the Pt density.

Besides the demonstrated advantages of the smaller pellets, a higher
pressure drop for larger catalyst beds was suspected when using these
smaller pellets. Therefore, we measured the pressure drop in a 70 cm
long fixed bed (d; = 28 mm) of a cold-flow setup for each support type
with water and air streams comparable to the fluid flows in a potential
technical dehydrogenation reactor. Although the pressure drop was
significantly higher for the small pellets, all measured values were in an
uncritical range below 50 mbar (see ESI for more details).

3.1. Continuous dehydrogenation

To check whether the trends derived from the batch experiments are
also confirmed in continuous steady-state operation, the two most
promising catalysts (Cat B, 3.0 mm 0.6 wt%p; and Cat B, 1.5 mm 0.9 wt
%py) and the reference catalyst (0.3 wt%p;) were tested in a small
continuous fixed bed reactor setup. As the different activities of the
catalysts lead to different DoDs at the same operation conditions, a
variation of the feed rates was conducted to lay the foundation for a fair

Catalyst B

Thin Pt egg-shell layer

High mesopore volume to distribute Pt nanoparticles

High macropore volume for facilitated mass transport
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comparison of productivities at the same DoD at the reactor outlet.
Fig. 8A shows the volumetric productivity of the catalysts after 22 h
runtime at 300 °C (fully stationary operation) and different feed rates
(grey lines). At high feed rates the residence time is short, the resulting
DoD of the LOHC is low and the productivity is high due to a high
concentration of remaining fully hydrogenated LOHC in the reactor. At a
lower feed rate, the residence time increases, and consequentially the
productivity decreases at higher DoDs. At a DoD of 48% the 3.0 mm 0.6
wt%p; version of catalyst B shows a 2.5 times higher productivity than
the reference (3.93 vs. 1.55 gyo L{alt min~1), which is even more
convincing than expected from the batch experiments. Due to the
different packing densities of the pellets, the catalyst bed with the 3.0
mm 0.6 wt%p; pellets of catalyst B exhibited only a 1.7 times higher
platinum density than the packing of the reference catalyst. This means,
that the STY of the reactor is not only linearly increased by the higher Pt-
loading but also by a higher mass-related productivity.

The even higher loaded 1.5 mm 0.9 wt%p, catalyst B showed a much
smaller productivity than the 3.0 mm 0.6 wt%p; catalyst under all tested
reaction conditions in the continuous reactor. Although the productivity
at a DoD of 48% is 1.6 times higher than for the reference catalyst, the
platinum density in the reactor is 2.3 times higher (see also ESI). This
means that a smaller increase in STY was achieved.

Fig. 8B shows the comparison between the batch and continuous
dehydrogenation experiments at 310 °C. Note that the fixed bed reactor
was set to a core temperature of 310 °C and the jacket temperature had
to be set accordingly higher (7-11 °C depending on activity) due to the
endothermicity of the reaction. Since the feed rate was always set to 0.5
gmin~?, the achieved DoD differed for the different catalysts. Therefore,
we compared the productivities from batch and continuous experiments
at the same DoD for each catalyst. It is known that the catalyst-based
productivity in continuous operation is significantly smaller than in
batch operation [28,36] due to a higher Pt:LOHC-ratio and a higher gas
holdup in the continuous reactor. In direct comparison, the reference
catalyst achieved 28% of the batch productivity at a DoD of 58% in
continuous operation, while catalyst B, 3.0 mm 0.6 wt%p, reached 60%
of the batch productivity at a DoD of 81%. Accordingly, the use of
catalyst B, 3.0 mm 0.6 wt%p¢, not only leads to a significant increase in
STY with a relatively smaller increase in platinum density, but also al-
lows the productivity to be closer to the respective batch values (60% vs.
28% of the batch productivity). This makes the catalyst B, 3.0 mm 0.6 wt
%pt, highly attractive for the use in power-dense dehydrogenation re-
actors. Surprisingly, the 1.5 mm 0.9 wt%p; catalyst B that performed best
in batch experiments, showed the largest deviation in the continuous
setup and only reached 14% of its batch productivity. To explain this

Reference

Low mesopore volume
Thick Pt egg-shell layer
Low macropore volume

Fig. 7. Illustration of the proposed structure of the catalysts, showing the support (white), the Pt egg-shell layer (grey) and the Pt nanoparticles (black).
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Fig. 8. (A) Volumetric productivity over DoD at different feed rates and 300 °C
in the continuous dehydrogenation of H18-DBT for reference catalyst (0.3 wt%,
5.582 g), 3.0 mm catalyst B (0.6 wt%p,, 4.704 g) and 1.5 mm catalyst B (0.9 wt
%p¢ 4.214 g); (B) comparison of volumetric productivity at 310 °C in batch and
continuous (core temperature) operation mode at different DoDs.

discrepancy, we performed additional experiments in both, a trans-
parent cold-flow setup and a glass test tube of similar dimensions as the
fixed-bed reactor. Within the packing of the 1.5 mm pellets much
smaller interparticle voids were observed and, as a result, more liquid
was pushed out of these voids as compared to the bigger catalysts for the
same gas flow (see ESI for more details). This caused a higher gas holdup
in the packing leading to partial dewetting of the catalyst and, conse-
quently, to a much lower productivity. Our results reveal important
differences in catalyst testing for stirred tank and fixed-bed reactors that
have to be taken into account in future catalyst performance evaluation
studies. We provide catalyst stability information in the ESI. At a DoD of
48% all catalysts were tested over 22 h time-on-stream with the most
active 3.0 mm 0.6 wt%p; catalyst on support B showing a performance
loss of only 9.4 % during this operation time, indicating very reasonable
catalyst stability also at these strongly enhanced volumetric catalyst
productivities. Furthermore, catalyst B shows a similar selectivity
regarding the formation of high-boiling side products in comparison to
the reference (see ESI for more details).
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4. Conclusion

In order to explore the possibilities of using high-loaded Pt/Al,O3
catalysts to increase the power density of LOHC dehydrogenation re-
actors, three different commercially available alumina support materials
with different textural properties were characterized and impregnated
with 0.3 wt%p. The catalyst based on a support material with inter-
mediate specific surface area (25 m? g’l) and pore size (bimodal, 25/
550 nm) reached the highest productivity among the tested catalysts in
batch dehydrogenation experiments with H18-DBT. These new catalyst
materials even exceeded the productivity of the commercial reference
catalyst by 12%. The best material (based on support B) — in two pellet
sizes of 3.0 and 1.5 mm diameter — was then loaded with higher amounts
of Pt, namely 0.6, 0.9 and 1.2 wt%p;. Batch dehydrogenation experi-
ments revealed that the catalysts based on this optimized support ma-
terial enable significantly higher volume-based productivities or STYs
compared to the commercial reference. With a 3.0 mm pellet of the
optimized support and a loading of 0.6 wt%p; a 150% increase in
volume-based productivity could be achieved at a 1.7 times higher Pt
density compared to the commercial reference. With a 1.5 mm pellet an
even higher loading of 0.9 wt%p, associated with an impressive increase
of the volumetric productivity by 200%, could be reached.

The reason for the improved performance of the new high-loaded
catalysts was found in a very beneficial bimodal pore structure of sup-
port B with a large pore volume in both, the mesoporous range between
10 and 25 nm and the macroporous range between 500 and 1000 nm.
The high pore volume in the mesoporous range thereby enables a good
Pt dispersion within the catalyst pellet, linked to a reduced Pt egg-shell
thickness. The larger macropore volume facilitates mass transport and
bubble nucleation. A larger outer surface of the catalyst area in case of
the 1.5 mm pellets contributes to a reduction of mass transport limita-
tions due to a resulting thinner Pt-containing eggshell.

Continuous dehydrogenation experiments with H18-DBT confirmed
the obtained results, but hint at additional influencing factors that have
to be considered in packed-bed reactors. At a DoD of 48% the 3.0 mm
0.6 wt%p; catalyst B showed a 2.5 times higher productivity than the
reference (3.93 vs. 1.55 gy Lo min~1), whereas the 1.5 mm 0.9 Wt%p,
version performed worse than expected, with a productivity only 1.6
times higher than the reference. While the reduced pellet sizes showed
only a negligible pressure drop over the catalyst packing of below 50
mbar in cold flow experiments, the 1.5 mm catalyst poses the challenge
of reduced void space, higher gas hold-up and strong dewetting of the
catalyst. These issues reduce the LOHC contact with the catalyst and the
heat supply to the endothermic dehydrogenation reaction.

Our contribution reveals for the first time a very significant influence
of the support’s pore structure on the reachable volumetric power
density in LOHC dehydrogenation reactors. This will pave the way for
specific catalyst optimization strategies for use cases where volumetric
power density of the hydrogen release reaction is a performance critical
aspect, such as e.g. in the case of hydrogen release from LOHC systems
onboard of heavy-duty vehicles [51].
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