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ABSTRACT: The efficient immobilization of active catalyst A 74 Reactor performance j = Catalytic Static Mixer
materials onto surfaces of complex scaffold geometries remains a ¥ £, sideproducts

key challenge in the development of high-performance structured O/\Q H,
reactor systems. We demonstrate, for the first time, a carbon-based ;

coating for the direct deposition of a carbon black-supported Dehydrogenation L PuCarbon Black Hydrogenation
platinum catalyst onto an additively manufactured stainless steel .
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catalytic static mixer (CSM). The conformal carbon-based coating
provides mechanical stability comparable to that of conventional 2 Fevasdo2vor & tmime
alumina supports while offering a chemically robust interface for N T o to 5% ’ T
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catalyst immobilization. In liquid organic hydrogen carrier = 1
hydrogenation and dehydrogenation, the carbon-coated CSMs S e v
exhibit higher activity than industrial benchmark catalysts and N T ) 5 A
reduced side product formation in the dehydrogenation, relative to
alumina-based catalysts. Moreover, the carbon-based catalyst enables dual functionality within a single catalyst system, eliminating
the need for separate hydrogenation and dehydrogenation catalysts. Beyond catalytic performance, the integration of the carbon
coating with the structured stainless steel CSM architecture enhances heat/mass transfer and reduces pressure drop, offering distinct
advantages over pelletized and slurry-based systems. The developed carbon-based CSM offers a versatile platform that extends the
reach of carbon-based catalysis across diverse catalytic processes.

Catalytic Static
Mixer
vs

o
&

@
]

Space-Time-Yield (g, L™ b))

IS
&

Space-Time-Yield (kgyp57 L7 h™

KEYWORDS: carbon coating, catalytic static mixer, liquid organic hydrogen carrier, catalyst stability, structured catalysis, hydrogenation,
dehydrogenation

1. INTRODUCTION can cause excessive pressure drop and poor bed permeability.’
Carbon supports span both regimes: activated carbon is
commercially available and widely used in granular or extruded
forms for fixed-bed operation (including precious-metal
catalysts), whereas many high-surface-area nanocarbons (e.g.,
carbon black, graphene) are intrinsically fine powders and are
therefore more commonly applied in slurry reactors or
immobilized as wash coats/structured supports”’ Although
carbon powders can be pelletized/extruded or processed into
monoliths, achieving sufficient mechanical strength often
requires binders and shaping steps that may partially block
porosity or mask active sites, creating a trade-off between
intrinsic catalyst utilization and reactor operability®® In fixed-
bed operation, pressure drop increases with throughput (and
strongly with decreasing particle size), and intra/interparticle

Noble metal-based catalysis is widely used in industrial
reactions and is gaining growing interest in emerging
sustainable and renewable energy processes.'~* Achieving
global sustainability goals requires continuous innovation of
efficient and robust catalysts to address new challenges in
chemical energy conversion."* Achieving these goals is
contingent upon the optimization of metal efficiency and
selectivity."”® Carbon-based catalysts have attracted growing
interest for environmental catalysis, energy conversion, and
energy storage.”® Carbon materials are valued for their high
specific surface area, chemical inertness, and resistance to harsh
reaction conditions.”® Their tunable surface chemistry is a key
feature, not only enabling metal-free carbon catalysis but also
facilitating highly dispersed metal deposition and metal—
support interactions.'~

Typically, industrial heterogeneous catalysts like metal
oxides are deployed in fixed-bed reactors as shaped bodies
(pellets, extrudates, spheres, or granules) to achieve a practical
balance of pressure drop, heat and mass transfer, and facilitate
easy handling and loading of the catalyst.”® Consequently, fine
powders are rarely used directly in packed beds because they
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Figure 1. Perhydro benzyltoluene/benzyltoluene LOHC system with one example pathway for MeFl and CP formation. MeFl could also form from

H6-BT. CP can also be formed from two MeFl molecules. Pathway from Henseler et a
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heat and mass transfer can become rate-limiting, compromisin%
temperature control and catalyst utilization at larger scales.”’
Slurry stirred-tank reactors can ease pressure drop constraints
via intensive mixing, yet they may be limited by interphase
transport (gas—liquid and liquid—solid) and introduce addi-
tional steps for catalyst recovery, which penalize process
simplicity and scalability.""

Because pelletized fixed-bed reactors remain the industrial
benchmark, systematic comparisons with structured reactor
internals such as catalytic static mixers (CSMs) are essential to
quantify how fluid dynamics and external transport phenomena
influence the apparent catalyst performance.'” CSMs provide a
predictable, tunable flow field that minimizes flow maldis-
tribution and improves heat management at low pressure drop;
in direct packed bed vs CSM hydrogenation studies,
conversion losses at high gas-to-liquid ratios were attributed
to mass-transfer limitations in the packed bed, whereas the
CSM maintained higher conversion/TOF consistent with
mitigated transport limitations.'”

These shortfalls present the primary constraint for industrial
applications of carbon-based catalysts on scale.'”'>'* While
the utilization of slurry reactors can improve the heat
management, compared to a packed bed, their application is
predominantly restricted to laboratory settings and small-scale
chemical processes such as the production of fine chemicals
and pharmaceuticals, due to challenges in scale-up and the
added complexity for product and catalyst separation.'""?

In several fields, the lack of suitable carbon-based supports
has led to the use of carbon as a topcoat on catalysts to reduce
their adverse characteristics.'>'® A prominent example is the
carbon coating of alumina-based catalysts in the Fischer—
Tropsch synthesis, where the acid sites of alumina promote
hydrocracking, isomerization, and aromatization side reac-
tions. ' Applying a thin carbon coating onto the prepared
metal particle alumina-based catalyst shields the acidic sites of
alumina, while preserving the active metal surface. This carbon
coating approach leads to increased selectivity by suppressing
side reactions induced by acidic sites of alumina support, which
are rendered inaccessible by the carbon layer and additionally
enhances nanoparticle anchoring and dispersion.”'>'® How-
ever, such acid-site-support-induced side reactions remain a
persistent challenge in (de)hydrogenation reactions, motivat-
ing ongoin_g development of alternative catalyst support
materials.”’

Liquid organic hydrogen carrier (LOHC) systems offer a
versatile technical option for the safe and energy-dense
transportation of hydrogen."® The concept builds on the
binding of hydrogen through an exothermic catalytic hydro-
genation reaction to the hydrogen-lean form of liquid carrier
molecules, producing its hydrogen-charged counterpart. From
this hydrogen-rich storage molecule, hydrogen can be released
in an endothermic catalytic dehydrogenation reaction, whereby
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the hydrogen-lean compound is regenerated and can be used
for another storage cycle.

In LOHC dehydrogenation, side reactions induced by acidic
support sites are particularly problematic, leading to coking,
polymerization, and C—C bond cleavage of the carrier
molecule.””~*' Among the most promising LOHC systems is
the perhydro benzyltoluene/benzyltoluene (H12-/HO-BT)
pair, owing to its favorable hydrogen storage properties and
compatibility with existing infrastructure, allowing for a quick
transition from fossil fuels.””~>* Industrially, the dehydrogen-
ation of perhydro benzyltoluene is catalyzed by sulfur-doped
platinum nanoparticles on an alumina support, where sulfur
doping reduces side product formation and increases activity.*®
However, especially at higher degrees of dehydrogenation,
further reactions of the aromatic carrier molecule come into
account. Deep dehydrogenation of HO-BT can lead to ring
closure, forming methyl fluorene (MeFl), and subsequent
polymerization toward coke precursors (CP) and coke on the
catalyst surface (Figure 1). The formation of MeFl is closely
related to the Pt-catalyzed dehydrogenation, whereas the CP
formation is mostly influenced by the support sites.”>>” Coking
is a major cause of deactivation in dehydrogenation
catalysts.””*” Moreover, further dehydrogenation beyond HO-
BT is irreversible under typical process conditions, thereby
reducing the reusability of the carrier in repeated hydro-
genation—dehydrogenation cycles.”® Thus, minimizing side
product formation simultaneously decreases catalyst deactiva-
tion and enhances the long-term stability of the LOHC system.
In this regard, replacing the support material with an inert
alternative, such as carbon, represents a promising approach.

The hydrogenation of hydrogen-lean LOHC compounds,
corresponding to the storage of hydrogen, is predominantly
catalyzed by a variety of noble metal catalysts.””*° The use of
dual-function catalysts, which are capable of catalyzing both
hydrogenation and dehydrogenation, can enable compact,
integrated LOHC units for stationary reversible storage in
which hydrogenation and dehydrogenation are carried out at
the same location and within a single reactor setup.’"”* Such
catalysts can reduce equipment count and simplify operation in
stationary or stand-alone applications.”>** However, in many
transport-oriented LOHC supply chain concepts, hydro-
genation and dehydrogenation are spatially decoupled, and
catalysts are generally optimized for each reaction.”> Never-
theless, integrated “one-reactor” concepts have been demon-
strated for stationary LOHC energy storage, in which
hydrogenation and dehydrogenation are performed at the
same site using the same catalyst and reactor hardware,
enabling a compact unit for reversible storage and release.””**
Such integrated operation can be particularly attractive where
hydrogen is charged and discharged locally to buffer
mismatches between renewable energy generation and energy
demand, thereby reducing system complexity and equipment
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count compared to fully decoupled loading/unloading infra-
structures.”** To date, although several dual-function
catalysts have been reported, most have been engineered for
application in either hydrogenation or dehydrogenation
processes, rather than for both.?#2%3! Moreover, recent
research efforts have focused on enhancing mass and heat
transfer in LOHC processes through structured reactor designs
and optimized flow configurations.**~*

In this work, we present the successful integration of two
solutions: a low side-product-forming carbon-based catalyst for
the dehydrogenation of perhydro benzyltoluene and a robust
carbon coating on an additive-manufactured stainless steel
catalytic static mixer (CSM), enabling its application in
continuous processes. Additionally, we present a dual-function
catalyst system that outperforms industrial benchmarks under
the investigated hydrogenation and dehydrogenation con-
ditions, enabling efficient hydrogen storage and release within
a single reactor setup. This system offers substantial ecological
and economic advantages, positioning it as a promising
solution for utilization in sustainable stationery and stand-
alone hydrogen storage applications.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation

The static mixers were acquired from Precision Catalysts, Victoria,
Australia. They are manufactured from 316L stainless steel by
selective laser melting, with a diameter of 10 mm and lengths of either
125 or 250 mm. The S wt % platinum on Vulcan XC-75 (Pt/CB)
catalyst was acquired from Fuel Cell Store (USA) (BET surface area:
229 m? g"). The 5 wt % platinum on alumina powder (Pt/Al,O;)
was acquired from Sigma-Aldrich (Australia) (BET surface area: 150
m* g7'). These two catalysts were used to prepare coated CSM,
denoted as Pt/CB-CSM and Pt/Al,0;—CSM. The catalytic coating
was apiplied via a wash coating method, as described in our previous
work.*" The sulfur-doped platinum on alumina pellets (S—Pt/y-
AL O;—pellets with 0.35 wt % Pt and 0.1 wt % S), the platinum—
palladium on alumina pellets (Pt—Pd/Al,O;—pellets with 0.2 wt % Pt
and 0.6 wt % Pd, total active metal loading of 0.8 wt %), and the
perhydro benzyltoluene (H12-BT) were provided from Hydrogenious
LOHC Technologies (Erlangen, Germany). Benzyltoluene (HO-BT)
was acquired from Global Oil Company (Europe) (Staffordshire, UK)
and dechlorinated as reported previously.*>*

2.2. CSM Characterization

Scanning electron microscopy combined with energy dispersive X-ray
spectroscopy (SEM-EDX) images of a Pt/CB-CSM offcut were
recorded on a Merlin Zeiss Gemini 2 after sputtering with Iridium for
45 s prior to SEM analysis. Optical images were captured on a laser
confocal optical microscope, an Olympus OLS 5000. The offcut was
manufactured along with the full CSM, coated in resin, and cut to
achieve vertical cross sections for imaging. The Pt on carbon TEM
specimens were prepared via drop cast and were examined using a FEI
Tecnai 12 transmission electron microscope at 120 kV. Images were
recorded using a FEI Eagle 4k X 4k CCD camera. The platinum
loadings were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis (Varian 730-ES ICP-
OES). Nitrogen physisorption measurements of coated CSM offcuts
were collected on a Quantachrome Autosorb iQ. Samples were
degassed at 250 °C for 16 h under vacuum. The surface area was
determined by nitrogen adsorption using the multipoint Brunauer—
Emmett—Teller (BET) method. The blank CSM offcuts were also
measured, and their respective absolute surface area was deducted.
CO pulse chemisorption measurements were carried out on a
Micromeritics ChemiSorb 2750.

The coating stability was confirmed by a three-step testing protocol
with the sample weight recorded after each step: Initially, the CSM
was subjected to 10 drops from a height of 15 cm on a metal tray.
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Subsequently, the CSM was subjected to heat curing at 300 °C for a
duration of 1 h, after which it was subjected to a second drop test.
Finally, the CSM was sonicated in cyclohexane for a period of 10 min,
then dried at 120 °C and reweighed to assess coating adhesion.

2.3. Hydrogenation of Benzyltoluene

Continuous hydrogenation reactions were performed in a single-tube
CSM reactor from Precision Catalysts, designed to house 10 mm
diameter CSMs. The reactor had a total length of 800 mm, with five
heating zones covering 650 mm. It was equipped with blank 125 mm
CSMs at the top and bottom and either CSMs or pellets in between.
A simplified reactor diagram is shown in Figure S1 (SI). The reactor
was operated in a downflow configuration up to 200 °C, with feed
rates ranging from 0.50 to 3.0 mL/min at a pressure of 20 barg. Prior
to experiments, the catalyst was dried at 120 °C under hydrogen
overnight. Before each run, the reactor was filled with feed solution,
pressurized to 20 barg, and then heated to the target temperature
under the desired feed flow.

The reaction was monitored by liquid product sampling and
analysis. Samples were taken periodically through a sampling valve
and analyzed by refractive index measurement on a Rudolph
Refractometer J457 and by GC-FID on an Agilent 7890 GC System
with FID and Column: BPX70, SGE Analytical Science, 30m length,
0.32 mm internal diameter, 0.25 ym film thickness for verification and
side product formation. Correlation between refractive index and
degree of dehydrogenation (DoDH) was previously reported by
Geiflelbrecht and conducted with a custom calibration for the
refractometer.** Space—time yields (STY) are calculated by the
formula in eq 1.

Equation 1 is the space—time yield (STY) equation, where Q is the
volumetric flow rate of the feed, d is the density, M is the respective
molar masses, and V is the reactor volume.

My,,_gr DoH
V.

reactor

STY = QHO*BT X dHO*BT (1)

MHO— BT

2.4. Dehydrogenation of Perhydro benzyltoluene

Continuous dehydrogenation reactions were also performed in a
single-tube CSM reactor from Precision Catalysts, designed to house
10 mm diameter CSMs. The reactor had a total length of 500 mm,
with two heating zones covering 400 mm. It was equipped with blank
125 mm CSMs at the top and bottom and a coated 250 mm CSM in
between. The S—Pt/Al,O; pellets were packed above a 125 mm blank
CSM, with glass wool on top. A simplified reactor diagram is shown in
Figure S1 (SI). Detailed information on the reactor and its setup had
been reported previously."”*® The reactor was operated in a
downflow configuration at 300 °C, with feed rates between 0.10
and 0.54 mL/min and a pressure of 2 barg. Prior to experiments, the
catalyst was dried at 120 °C under hydrogen overnight and then
heated to 300 °C before starting the feed. Liquid samples were
periodically withdrawn through a sampling valve and analyzed by
refractive index and by GC-FID. Space—time yields (STY) for the
dehydrogenation reactions are calculated by the formula in eq 2.

Equation 2 is the pseudo-second order equation for the
deactivation model. y(t) is the space—time yield at time t, y, is the
initial space—time yield, y, is the residual (asymptotic) space—time
yield at long times, and k; is the pseudo-second-order deactivation
rate constant (units of ¢'). Larger k; values correspond to a faster
decay of y(t).

Y = e
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3. RESULTS AND DISCUSSION

3.1. Coating Stability and Morphology

The stability test for adhesion of the CB coating to the static
mixer shows lower stability than that of a conventional Al,O;
coating in the initial drop test, with a relative coating mass loss

https://doi.org/10.1021/acssuschemeng.6c00102
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of 3%, Figure 2. The conventional Pt/Al,0;—CSM reference
system, including coating/support morphology and textural
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Figure 2. Stability of the coat through the stability testing algorithm
for the presented CB coat and a conventional Al,O; coat. For each
coat, three CSM offcuts were examined. Relative mass loss is
calculated by eq S1 (SI). Dotted lines provide enhanced visibility.

properties, has been characterized in detail in our previous
work, and the robustness of alumina-coated CSMs has likewise
been demonstrated previously under relevant operating
conditions.””** Following heat treatment and the subsequent
second drop test, the stability further decreased by an average
of 1% at each step. Sonication led to a further reduction in the
coating mass, resulting in a total coating loss of approximately
10%. In contrast, the Al,O; coating shows no loss during the
first drop test, heat treatment, or the second drop test. Only
sonication results in an overall loss of 10% of the coating.
Overall, while the CB coating exhibited lower stability during
the initial drop test, its overall performance was comparable to
that of conventional Al,O; across the full sequence of stability
tests. Nevertheless, the stability test that was conducted
arguably overstated the requirements for a laboratory-scale
application. However, it is imperative to recognize that the
stability of coat adhesion to a static mixer is a critical
consideration in industrial applications, where catalysts are
expected to demonstrate greater resilience than in standard
laboratory settings.

As illustrated in Figure 3, the Pt/CB-CSM is shown in three
stages: (A) prior to coating, (B) after coating with Pt/CB, and
(C) after 44 h of operation; (D) shows a vertical cross section.
The carbon coating uniformly covers the whole CSM metal
surface, with only minor imperfections resulting from handling
during the manufacturing process. The carbon coating fills the
gaps between the metal printed structure, thereby blocking the

side channels. It was ascertained that no occlusion of the
vertical diamond-shaped channels occurred, thereby maintain-
ing the primary flow characteristics. The carbon coating
exhibits minor surface cracking, which increases the exposed
surface area. However, the coating remains stable under the
reaction conditions and throughout the stability test presented
above. The cross-sectional image of the Pt/CB-CSM
demonstrates the uniformity of the coating across the full
diameter of the CSM, with complete coverage of internal metal
scaffold surfaces.

Through the reaction, the surface structure remains
unaltered, with the exception of superficial abrasions observed
on the exterior of the CSM. These occur during fitting the
CSM into the reactor and demonstrate a tight fit, which, in
turn, promotes effective heat transfer to the metal scaffold.

The SEM images in Figure 4A show coating thicknesses
ranging from 115 to 222 pum, with uniform coating-metal
surfaces. As the optical images demonstrate, cracks within the
coating manifest as channels, thereby allowing direct contact of
the reaction media with the metal surface. The interface
between the CB coating and stainless steel CSM shows no
visible gaps or defects (Figure 4B). Furthermore, the SEM-
EDX images (Figure 4C) reveal a uniform carbon distribution
within the coating layer, indicating the absence of a density
gradient or defects. This confirms that the coating is uniform
and in direct contact with the metal surface.

3.2. Continuous Flow Hydrogenation of Benzyltoluene

The Pt/CB-CSM and Pt/AL,O;—CSM were benchmarked
against commercial Pt—Pd/Al,O;—pellets in HO-BT hydro-
genation. The reactor bed and active metal loadings are given
in Table 1. Space—time yields (STY) were calculated from
experiments conducted at different temperatures and are
plotted in Figure 5. The reactor was initially heated to 140 °C
to reach the first steady-state value in all experiments. All
catalysts demonstrated elevated levels of activity, resulting in
elevated reactor temperatures at steady state. Temperature
rises of up to 20 °C were observed due to the exothermic
nature of the reaction. For Pt/CB-CSM, insufficient heat
dissipation was observed inside the reactor. STY values were
therefore reported at their respective actual reactor temper-
ature, rather than the initial heating set point. Nevertheless,
temperatures remained stable at the measurement points,
enabling a meaningful evaluation and comparison of catalyst
performance.

As shown in Figure S, the Pt/CB-CSM achieved the highest
STY of the three catalyst systems, outperforming the Pt/
Al,O;—CSM by 3-fold at 3 mL/min, 4-fold at 1 mL/min, and

Pt/CB coated CSM

ncoated CSM

After 44 h on stream

Figure 3. Microscope images of (A) uncoated static mixer, (B) Pt/CB-coated CSM before placement in the reactor, and (C) Pt/CB-coated CSM
after 44 h on stream. Visible are the scratches on the CSM surface through the contact to the reactor wall ensuring heat transfer. (D) Microscope
image of vertical cross section of a Pt/CB-coated CSM embedded in resin. The golden circle indicates the CSM outline. The Pt/CB coating is
visible as white/black lining around the golden colored CSM. The differences in the resin’s grayscale are an artifact of the picture assembly.
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Figure 4. SEM-EDX images of the Pt/CB coating on the CSM. (A) SEM image of a metal scaffold cross section with measured coating thicknesses.
(B) SEM image of the CB coating with the CSM is shown at the image bottom. (C) SEM-EDX image of the same image section as (B). The
sample was embedded in resin, leading to carbon signals in the background.

Table 1. Reactor Specifications for the Hydrogenation
Catalysts”

FVE [%] AMD AMC
free [mg/mL] [mmol/L]
Legalyst bea ~ Volume Mpyel  active metal  active metal
catalyst [mm] fraction [mg] density concentration
Pt/ 500 75 146.4 3.7 19.1
ALO,—
CSM
Pt/CB- 250 75 49.7 2.5 13.0
CSM
Pt—Pd/ 440 56 69.0 2.0 16.6
ALO;—
pellets

“AMD and AMC are calculated per reactor volume; m,,, is based on
the total amount of catalytically active metal species Pt and Pd.
Comparisons between CSM and pellet fixed-bed configurations are
made at identical operating conditions based on achieving comparable
degrees of hydrogenation.

nearly 3-fold at 0.5 mL/min (160 + 3 °C). Compared to the
commercial standard Pt—Pd/Al,O;—pellets, the Pt/CB-CSM
showed 6-fold higher STY at 0.5 mL/min and 7-fold higher
STY at 1 mL/min, at 160 + 3 °C. The Pt/CB-CSM catalyst
also achieved the highest degree of hydrogenation (DoH),
reaching 98.6% at 167 °C and 99.3% at 172 °C at a flow rate of
0.5 mL/min. At a 1 mL/min flow, a DoH of 94.0% at 183 °C
was achieved (Figure SB). Furthermore, the Pt/CB-CSM
required the shortest catalyst bed with 250 mm and the lowest
active metal concentration (AMC) of 13.0 mmol/L.

The STY is dependent on the active metal content within
the reactor, so higher AMC leads to higher STY. In the
absence of particle size changes or interactions, this correlation
is linear. Between the two CSM-based systems, the Pt/Al,O;—

CSM has a 1.5-fold higher AMC. Given that both CSM-based
catalysts are coated on the same scaffold, there are no
disparities in either heat conductivity or flow mechanics
assumed. Even with lower AMC, the Pt/CB-CSM outperforms
the Pt/Al,0;—CSM by three to 4-fold. The better performance
is presumably associated with improved particle distribution
and stronger particle-support interactions. Consistent with this
interpretation, the site-normalized hydrogenation TOF is over
five times higher for Pt/CB-CSM (2.96 s™', 187 °C) than for
Pt/ALO;—CSM (0.58 s™', 183 °C) under their respective
highest-productivity conditions (3 mL min~'). Even with
double the catalyst bed size, the Pt/Al,0;—CSM could only
achieve a DoH of 78% at the lowest flow of 0.5 mL/min. The
Pt—Pd/AlL,O;—pellets have the lowest active metal density
(AMD) in the sample set, but the AMC is 28% higher than the
Pt/CB-CSM due to its bimetallic composition. Despite the
higher AMC, the pellets resulted in the lowest STYs for all of
the reaction conditions. The 76% longer catalyst bed than Pt/
CB-CSM allowed a maximal DoH of 43% (178 °C with 0.5
mL/min). The markedly higher reactor productivity of the Pt/
CB-CSM (six- to 7-fold outperformance in STY) is attributed
primarily to improved heat management and reduced transport
limitations enabled by the structured CSM architecture; the
larger pressure drop of the pellet bed mainly represents an
operability constraint that can limit achievable throughput
rather than a direct kinetic advantage.'” Catalytic increases up
to 7-fold have been observed by Zhu et al. for the
hydrogenation of vinyl acetate when comparing packed bed
to CSM-catalysts.'” The Pt/CB-CSM has the most efficient
use of active metal, allowing the smallest catalyst bed and the
highest DoH under the tested reaction conditions. In
conclusion, the better heat conductivity and more favorable
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Figure S. (A) Space—time yields (STY) of the three catalysts for HO-BT hydrogenation under 20 barg H2-pressure. Experiments were conducted
in a downflow configuration. For the Pt—Pd/Al,O;—pellets, no experiment for 3 mL/min was conducted. *Product stream reached a DoH of
99.3%. (B) DoH values of the product stream for the respective experiment flows and temperatures.

8214

https://doi.org/10.1021/acssuschemeng.6c00102
ACS Sustainable Chem. Eng. 2026, 14, 8210—8220


https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00102?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c00102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

Table 2. TEM Particle Distributions and CO Pulse Adsorptions”

catalyst HTEMviegin [0M] 6 rpypingn [(nm?] MSA [m?® g5 '] COgeoeal#mol g, '] CO/Pt [mol mol™]  pipgyragn [nm]  0%ppprgap [nm’]
Pt/CB-CSM 2.44 0.65 208 81.0 0.84 2.56 1.25
Pt/Al,0;—CSM 3.52 1.24 83 SI1.1 0.34 3.85 1.78
S—Pt/Al,O;—pellets 1.54 0.33 294 214 * * *

“u is the arithmetic mean of the TEM particles, ¢* is the variance; MSA: active metal surface area per gram of metal; *, no post-TEM/CO was
recorded for the commercial catalyst.

platinum particle distribution result in a better-performing and overlap with the support. Therefore, the Pt particle size
catalytic system. analysis was based on TEM. The particle size information was
3.3. Continuous flow dehydrogenation of Perhydro obtained using TEM images, and the results are plotted in
benzyltoluene Figure 6. For the CSM-coated catalyst systems, measurements

were taken for the virgin catalysts and after 44 h of
dehydrogenation. For visualization purposes, log-normal
distributions were fitted to the particle size data distributions.
Mean particle distributions are summarized in Table 2. ICP-
OES measurements were conducted for all virgin catalysts and
after 44 h on stream for the CSM-catalyst systems. No loss of
platinum could be detected within the error range for the
CSM-based catalysts. Absolute platinum loadings of the
catalysts are listed in Figure 6B. CO pulse chemisorption

The dehydrogenation of H12-BT was benchmarked against
that of S—Pt/Al,O;—pellets. To compensate for the higher
reactor volume occupied by the pellets compared to the CSM,
the catalyst bed of the S—Pt/Al,O;—pellets was increased to
296 mm, which allowed the same residence times at the same
flow rates for all catalyst systems (Table 3).

Table 3. Reactor Specifications for the Dehydrogenation

Catalysts™ analysis was executed for coated offcuts of the initial catalysts
FVE [%] AMD AMC and the S—Pt/Al,O;—pellets. The mean TEM particle sizes

free [mg/mL] [mmol/L] correlate well with the results from the CO pulse

catalyst ch;:yrsr;}bed Fr(;lclggrel [gl;] aCté‘;is'Ft;tal ;?C‘;gl eégln chemisorption measurements (Table 2): the. active metal
Pt/CB- 250 . 197 25 - surface area (MSA) per gram of Pt was derived from the
CSM adsorbed CO on the catalyst. The S—Pt/Al,O;—pellets had the

Pt/ 250 75 3.5 37 19.0 smallest platinum particles (1.54 nm) and the highest MSA
ALO,— with 294 m? gp, " The Pt/Al,O;—CSM exhibited a more than

CSM 2-fold larger mean particle size with 3.52 nm and,

S:&let(/)a— 296 56 350 LS 77 consequently, the lowest MSA with 83 m* gp,'. The Pt/CB-

pellets CSM had a mean particle size of 2.44 nm and an MSA of 208

“L vyt bd i5 the length of the catalyst bed, Vieacor ampty i5 the empty m? gp, . Consistently, the C_? uptake (CO/Pt) was higher for
reactor space not occupied by the catalyst and its supporting Pt/CB-CSM (0.84 mol mol™") than for Pt/ALO;—CSM (0.34

structure, mp, is the amount of Platinum in the reactor, Apgy is the mol mol '), reflecting the higher fraction of accessible Pt sites
BET surface area, and Vy,q is the reactor volume. associated with the smaller mean particle size and narrower
size distribution.

Platinum Particle Size Analysis. Particle size distribu- The optimal Pt particle size for H12-BT had been reported
tions were investigated before and after use in HI12-BT as 2.3 nm for low temperature dehydrogenation.zg’49 The Pt/
dehydrogenation. In addition, the XRD patterns of all virgin CB-CSM with a 2.44 nm mean particle size is therefore the
catalyst systems were recorded and are provided in the closest to the optimal particle size. Smaller platinum particle
Supporting Information. The patterns show the broad sizes and thus higher MSA generate more active sites for the
reflections characteristic of poorly crystalline y-Al,O;, while reaction, whereas an upshift in platinum particle size can be
no distinct Pt- or Pt-containing reflections could be reliably correlated to the lower activity of the Pt/Al,O;—CSM.
resolved because of the low metal loading, small particle size, Especially, as at elevated reaction temperatures the influence
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Figure 6. (A) TEM particle distributions for the catalyst before and after 44 h time on stream, fitted log-normal distributions for visualization
purpose. (B) ICP measurements of the catalyst before and after catalysis are plotted as scatter. They are noted for their respective mean particle size
distribution.
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of tlllges(l)\/ISA exceeds the geometric influence of the particle
size.””’

Through the 44 h on stream, the rise in mean particle size
and particle distribution variance ¢ is visible as broader and
shifted log-normal curves in Figure 6A. The Pt/CB-CSM
showed the highest increase in the particle size variance and an
upshift of 0.12 nm of the mean particle size to 2.56 nm, Table
2. The Pt/Al,O;—CSM showed an increase in the mean
particle size of 0.33 to 3.85 nm. The increase in mean active
metal particle diameter through sintering is a common effect in
platinum-based dehydrogenation catalysis, and the effects on
activity are well studied.””**>'™> The loss in activity
throughout the 44 h on stream can be explained by the
upshift of platinum particle sizes, thereby resulting in a
reduction of MSA.

Dehydrogenation Activity. During the first hours of
stream, STY was used to derive a deactivation model for each
catalyst system. We modeled the slight initial loss in space—
time yield with a power-law (pseudo-second-order) activity
decay (eq 2) and the fit parameters are listed in Table 4. This

Table 4. Fit Parameter for the Pseudo-Second Order
Space—Time Yield Function®

catalyst yolgL'h™'] kg [b7']  yelgL'h™] R?
Pt/CB-CSM 67 (1) 0.38 (5) 412 (7) 0.9992
Pt/Al,0,—CSM 57.8 (6) 0.50 oo 353 (2) 0.9996
S—Pt/Al,O;—pellets 67 (4) 1.1 (3) 39.4 (6) 0.9987

“For deactivation calculations experiments were conducted at a
residence time of 27 min.

assumption is also consistent with reported HI12-BT
dehydrogenation studies where early performance loss is
strongly linked to conditioning and impurity-driven site
blocking.”>** 7% Figure 7A shows the fitted deactivation
curves along with the space—time yields from the refractive
index and GC-FID measurements. The high R* values
(>0.998) demonstrate a strong correlation between the fitted
and experimental data. The Pt/CB-CSM has the lowest
deactivation rate (ky), followed by Pt/Al,O;—CSM, and the
S—Pt/Al,O;—pellets have nearly triple the deactivation rate,
suggesting that a longer run-in period is required for the Pt/
CB-CSM catalyst to reach steady state. Despite Pt/CB-CSM
deactivating more slowly, Pt/CB-CSM and S—Pt/Al,O;—
pellets have similar initial activity y, and residual activity y.

The Pt/Al,0;—CSM has the lowest initial activity y, and
residual activity y,, despite deactivating faster than the Pt/CB-
CSM. According to the deactivation model, the Pt/CB-CSM
outperformed both reference catalysts throughout the reaction
time. Pt/Al,O;—CSM has the highest AMC (19.0 mmol/L),
over 2-fold the AMC of the S—Pt/Al,O;—pellets (7.7 mmol/
L). The high average platinum particle size of Pt/A,O;—CSM
(3.52 nm) leads to a lower MSA, resulting in a calculated
absolute metal surface area of 6.0 m? for the reactor, while Pt/
CB-CSM and S—Pt/Al,O;—pellets have a calculated absolute
MSA of 10.3 m® for their respective reactor volume. CSM
allows higher AMC and simultaneously higher FVFs. Between
the two CSM-based catalysts, the 20% difference in STY
results from the difference in absolute active platinum atoms,
due to their difference in platinum particle size. Consistently,
the site-normalized H, turnover frequency (2—S h time on
stream) is higher for Pt/Al,0;—CSM (0.96 s™') than for Pt/
CB-CSM (0.67 s7'), indicating higher intrinsic activity per
exposed Pt site despite the lower absolute metal surface area of
Pt/Al,O;—CSM. Regarding the STY, the Pt/AlL,O;—CSM
achieved similar results as the S—Pt/Al,O;—pellets, despite
having a 3.5-fold lower MSA, smaller reactor volume, and no
sulfurization, which increases activity.”> The improved
performance observed with the CSM-based reactor may partly
arise from enhanced heat transfer and lower pressure drop,
which are characteristic advantages of CSM architectures and
were demonstrated in our previous work.'>*”**Figure 7B
shows the DoDH values for the respective experiments from
RI and GC measurements. The S—Pt/Al,O;—pellets achieved
the highest DoDH, but the 36% higher reactor volume results
in lower STYs than the Pt/CB-CSM. The Pt/CB-CSM has a
higher AMC, although having a higher free volume fraction
(FVF) than the S—Pt/Al,O;—pellets. With the same calculated
absolute MSA for the Pt/CB-CSM and the S—Pt/Al,0;—
pellets, the latter showed higher DoDH under the same
reaction conditions, presenting the strength of the sulfuriza-
tion. Additionally, the smaller platinum particle size results in
better active metal use, needing 42% less platinum. On the
other hand, the S—Pt/AL,O;—pellets exhibit the highest MSA,
but increased reactor volume (due to smaller FVF), leading to
a lower space—time yield than the Pt/CB-CSM. Additionally,
the lower thermal conductivity of the pelletized system may
negatively affect heat and mass transfer. Overall, under the
investigated dehydrogenation conditions, the Pt/CB-CSM
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Figure 7. (A) STY for the first 7 h on stream with pseudo-second order fit for all three catalysts. For the fitting function only the refractive index
measurements were considered. Residence time for all catalyst systems was 27 min. (B) DoDH for the respective experiments for all three catalysts.
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outperforms the S—Pt/Al,O;—pellets with a shorter active bed
and higher space—time yield.

Side Product Formation. Methyl fluorene (MeFl)
formation rates were calculated from the GC-FID measure-
ments from different reaction conditions and are plotted in
Figure 8 against the corresponding DoDH. Side product
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Figure 8. MeFl formation rates for the three different catalysts under
investigation. Data points with filled symbols are from experiments
with a catalyst bed of 340 mm.

formation increases with higher DoDH, which is in accordance
with the literature.”” MeFl formation primarily occurs on low-
coordinated platinum sites, and their proportion of surface
atoms depends on the size of the platinum nanoparticles.”***
With increasing platinum particle size and the respective
change in geometry, the amount of corner and edge-atoms
reduces and thereby shifts the catalyst toward higher selectivity
in H12-BT dehydrogenation. On the other hand, bigger
particles reduce the MSA and overall activity. To balance
between activity and selectivity, the alumina-based platinum
catalysts were selectively sulfurized, resulting in the deactiva-
tion of low-coordinated platinum sites and simultaneously
improving activity.” The S—Pt/Al,O;—pellets have lower
MeFl formation rates at similar DoDH as the nonsulfurized
Pt/Al,0;—CSM, showing the impact of sulfurization, despite
the fact that the S—Pt/Al,O;—pellets have a smaller average
particle diameter. The Pt/CB-CSM catalyst has a lower MeFl
formation rate than the Pt/Al,0;—CSM catalyst despite the
lower average particle diameter. The change in support
material to CB shows reduced side product formation, which

could be due to the absence of acidic alumina sites that
catalyze side reactions.'” >

Coke precursors (CPs) are mainly formed through reactions
involving the catalyst support material.”*>” To examine CP
formation under conditions close to the reactor outlet, i.e., at
high concentrations of HO-BT/at a high DoDH, a set of
experiments was conducted with an artificial feed. For these
experiments, we changed the feed to pure HO-BT, simulating
100% DoDH, testing all three catalyst materials under these
conditions. The Pt/Al;O;—CSM showed the highest CP
fraction, followed by the Pt/CB-CSM, while the S—Pt/Al,O;—
pellets showed the lowest CP fraction in the GC samples.
Interestingly, the S—Pt/Al,0;—pellets showed the most
pronounced yellow discoloration of the product stream (Figure
9), indicating a higher content of side products in the samples.
Generally, higher aromatic systems exhibit longer adsorption
wavelengths and higher molar absorption coefficients, thereby
resulting in stronger discoloration of the product stream.®>®* It
is imperative to acknowledge that the measured CP fraction
reflects only the GC-detectable fraction of CP, thereby serving
only as a metric for evaluating the total side product formation.
Henseler et al.”° showed that GC-FID primarily detects only
dimers of the CP. Further investigation is needed to identify
differences in CP formation associated with the various
support materials.

The Pt/CB-CSM shows similar MeFl formation rates as the
S—Pt/Al,O;—pellets, and it can thus be concluded that the
transition to CB as a support material is an effective strategy in
diminishing the formation of MeFl while maintaining a high
catalytic performance. Under artificial 100% DoDH feed
conditions, the Pt/CB-CSM catalyst formed fewer GC-
detectable CPs than Pt/Al,O;CSM and avoided the strong
discoloration observed for S—Pt/Al,O;—pellets, indicating a
lower extent of undetected aromatic side products. Pt/CB-
CSM combines the beneficial interaction of platinum with CB
as a support with the excellent heat transfer and lower pressure
drop of a CSM, resulting in a more favorable balance between
activity and side product formation.

B CONCLUSIONS

This study demonstrates, for the first time, the successful
application of carbon-black-supported platinum catalysts as a
stable and highly active catalyst coating directly on 3D printed
metal mixer scaffolds. The integration of this coating with the
flow- and heat-optimized CSM architecture provides a robust
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Figure 9. (A) CP peak area ratio from GC-FID measurements for the 100% DoDH feed experiments. (B) Product stream samples were obtained

for 100% DoDH feed.
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alternative to conventional pelletized, powder bed, and slurry-
based systems, enabling improved reactor performance, with
the future potential to reduce pressure drop and enhance mass
and heat transfer on an industrial scale. In both dehydrogen-
ation and hydrogenation reactions, the developed system
outperformed commercial benchmark catalysts, achieving up
to a 7-fold increase in STY for hydrogenation and up to 16%
higher STY for dehydrogenation, while simultaneously
showing lower side product formation. Moreover, the dual-
function capability of the catalyst system contrasts with the
conventional need for separate industrial catalysts, under-
scoring its efficiency and versatility. These results highlight the
potential of catalytic static mixer coatings for integrating noble
metal catalysts into structured reactor technologies, offering
improved performance for reactions using carbon-based
catalysts.
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