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Performance of Pt-based catalysts in perhydro
benzyltoluene dehydrogenation: from semi-batch
screening to continuous operation

Elisabeth Herzinger, a Jona Berger,a Nicolas Patrick Johner,b

Franziska Auer b and Moritz Wolf *ac

Standardised semi-batch testing is widely used for catalyst screening in liquid organic hydrogen carrier

(LOHC) dehydrogenation. However, literature on their quantitative transferability to continuous reactor

operation is scarce. This study investigates the dehydrogenation of perhydro benzyltoluene (H12-BT) over

three Pt-based (PtRe, Pt and PtS) alumina-supported catalysts in a three-phase stirred tank slurry reactor,

comparing the results with those from semi-batch tests at comparable operating parameters and

degrees of dehydrogenation. Across the investigated temperature range of 210–250 °C, semi-batch

operation yielded a substantially higher absolute hydrogen productivity than continuous stirred tank

reactor (CSTR) operation, exceeding steady-state values by a factor of three to five. At the same time,

the order of catalyst productivity was preserved across reactor concepts: PtRe > Pt > PtS. Logarithmic,

ratio and parity analyses revealed that the deviation is systematic rather than random and can be

approximated by a reactor dependent empirical transfer factor. However, the degree of quantitative

transferability remains catalyst dependent. Apparent Arrhenius analyses revealed comparable activation

energies for both reactor concepts but lower pre-exponential factors for CSTR operation. This indicates

that the CSTR primarily shifts the attainable rate level rather than the apparent temperature sensitivity.

Further, liquid phase analysis showed that both reactor concepts follow the same primary

dehydrogenation pathway. However, continuous operation results in enrichment of the partially

dehydrogenated H6-BT intermediate. The results demonstrate that semi-batch screening is suitable for

preselecting and ranking catalysts, but evaluating the quantitative process for continuous LOHC

dehydrogenation requires reactor specific correction.

1. Introduction

Liquid organic hydrogen carriers (LOHCs) have emerged as a
promising solution for safe and efficient hydrogen storage
and transport.1–4 This technology addresses one of the key
challenges in a hydrogen economy: the need for practical,
scalable, and safe methods to store and distribute hydrogen,
thereby supporting global decarbonisation efforts and the
transition to sustainable energy systems.5,6 By chemically
binding hydrogen to organic molecules, LOHCs enable
storage in liquid phase under ambient conditions, which
simplifies handling and logistics.2 Among the various LOHC

candidates, benzyltoluene (BT) is particularly attractive for
large-scale deployment due to its commercial availability, low
toxicity, high chemical stability, low vapor pressure, and
favourable hydrogen storage capacity.7–9

The performance of LOHC dehydrogenation systems is
strongly influenced by the choice of catalyst, with Pt-based
catalysts being commonly used in high performance
systems.10–12 Numerous studies have focused on optimising
catalysts with key strategies including selective poisoning of
low coordinated sites,13–19 choice of alternative support
materials,16,20–27 alumina support modification,17,28–37

particle size control,18,26,27,32,38–42 and promoter
addition.19,33–37,42–50 Most of these investigations are
predominantly conducted in batch or semi-batch reactor
systems (Fig. 1, Table S1), which offer defined conditions and
enable rapid screening of catalyst performance. Continuous
studies have mainly focused on gas phase dehydrogenation
of methylcyclohexane to toluene, while liquid phase
dehydrogenation is commonly realised in semi-batch
operation mode. As a result, catalyst development in this
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field largely relies on semi-batch experiments to identify
promising materials.

Technical hydrogen release processes are usually carried
out in continuously operated reactors,51 where the reaction
environment differs fundamentally from semi-batch
operation in the lab environment. Continuous systems are
characterised by feed and withdrawal of the reaction
mixture, leading to residence time distributions and steady-
state compositions, which can influence the apparent

driving force for dehydrogenation under operating
conditions.52,53 Semi-batch operation follows a transient
composition trajectory, whereas continuous stirred-tank
operation reaches a steady-state composition after sufficient
residence time (Fig. 2). Reactor configuration may therefore
influence the observed catalyst performance even when
temperature, catalyst loading, and overall reaction window
are otherwise comparable. Although it is often assumed that
catalysts that perform well in batch experiments perform

Fig. 1 Operation modes in literature studies for Pt-based LOHC dehydrogenation catalyst development (Table S1). Only studies with a primary
focus on catalyst development or catalyst optimisation are included, i.e. studies primarily focused on reactor design or process operation were
not considered. Left: all studies included in the literature survey (N = 38): semi-batch only, n = 23 (60.5%); continuous only, n = 9 (23.7%);
mixed semi-batch/continuous operation or continuous validation, n = 4 (10.5%), shown as the hatched segment; batch only, n = 1 (2.6%); and
other/not applicable, n = 1 (2.6%). Right: benzyltoluene studies, referring to perhydro benzyltoluene/benzyltoluene (H12-BT / H0-BT); (N = 16):
semi-batch only, n = 14 (87.5%); continuous only, n = 1 (6.3%); mixed semi-batch/continuous operation or continuous validation, n = 1 (6.3%);
batch only, n = 0 (0%); and other/not applicable, n = 0 (0%).

Fig. 2 Conceptual comparison of semi-batch and continuous stirred tank operation for catalytic testing in LOHC dehydrogenation. In both
operation modes, liquid reactants are contacted with suspended catalyst particles under agitation, forming a gas–liquid–solid slurry. In
the semi-batch reactor, the liquid reactants and catalyst are initially charged at t = 0, while gaseous products leave the reactor. The
liquid phase concentration therefore changes with time, resulting in transient, non-steady-state operation. In the continuous reactor,
liquid reactants are continuously fed and gaseous and liquid products are continuously withdrawn. After reaching steady-state, the
concentration remains constant with time. For both schematics, ideal mixing is assumed, resulting in homogeneous concentrations
throughout the reactor volume at a given time.
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similarly under continuous conditions, there is a lack of
systematic investigations justifying the simple transfer of
catalyst performance to a technical environment.

Recent studies have shown that apparent
dehydrogenation performance can strongly depend on
reactor configuration through changes in hydrogen partial
pressure and the corresponding conversion, LOHC
concentration or the general effect of dilution, and
transport or contacting limitations under continuous
operation.54–56 These effects may alter the accessible degree
of dehydrogenation (DoD) and, therefore, the observed
productivity. At the same time, reactor induced differences
are not necessarily associated with a change in the
underlying reaction chemistry, but may instead reflect that
different reactor concepts probe different positions along
the same dehydrogenation pathway. Addressing this
distinction is essential for understanding how catalyst
screening results translate to realistic process conditions.

Among the catalysts reported for perhydro benzyltoluene
dehydrogenation, the bimetallic PtRe system described by
Strauch et al.48 demonstrated superior performance when
compared to a monometallic Pt catalyst. The Re-promoted
catalyst exhibited faster initial hydrogen release and
significantly higher productivity at low DoDs. This enhanced
performance was attributed to platinum being structurally
promoted by rhenium, resulting in smaller platinum
particles, higher dispersion and accelerated conversion of
partially dehydrogenated intermediates.

In this work, the dehydrogenation of perhydro
benzyltoluene (Fig. S1) is investigated over Al2O3-supported
PtRe, Pt and PtS catalysts in a continuous three-phase stirred
tank slurry reactor and compared with corresponding semi-
batch data. It should be noted that the continuous stirred
tank reactor (CSTR) investigated in this work is not intended
to directly represent industrial LOHC dehydrogenation
reactors, which are typically operated in plug-flow
configurations, but rather serves as a well-defined continuous
system to assess reactor dependent effects on catalyst
performance. The CSTR configuration is of particular interest
for LOHC dehydrogenation because the use of finely
dispersed catalyst particles and intensive mixing can provide
favourable heat and mass transfer as well as near-isothermal
operation under strongly endothermic conditions.55 As a
benchmark, the commercially available PtS/Al2O3 catalyst
(Elemax D) represents the reference system for technical
BT-based LOHC dehydrogenation plants. The three
selected catalysts provide a suitable basis for studying
transferability of performance data across reactors as they
differ in composition and expected catalytic performance,
while at the same time representing the current commercial
state of the art and two well defined research catalysts that
have previously been evaluated under semi-batch conditions.
By systematically comparing absolute productivity, scaling
behaviour, parity relations, apparent kinetics, and liquid
phase composition at comparable DoDs, this work assesses
the reliability of semi-batch screening for prediction of

catalyst performance during CSTR operation. In this way, the
study aims to establish a process-oriented framework for
translating catalyst screening results into realistic
expectations for continuous hydrogen release.

2. Experimental
2.1. Materials

Chloroplatinic acid hydrate (H2[PtCl6], ≥99.9% trace
metal basis, platinum content 37–40%) and rhenium(VII)
oxide (Re2O7, ≥99.9% trace metal basis, rhenium content
75.7–78.0%) were purchased from Sigma Aldrich. These
chemicals were used as received. Boehmite (PURAL
TH300) was provided by Sasol Germany and heated to
550 °C for 3 h in a muffle furnace under ambient
atmosphere to yield alumina. A commercial PtS egg–shell
catalyst (EleMax D; 2–4 mm spheres; Clariant Produkte
GmbH) was supplied by Hydrogenious LOHC Technologies
(Germany), while the corresponding shaped Al2O3 support
(shaped Al2O3 carrier spheres) was provided from Clariant
Produkte GmbH and ground and sieved into particle size
fraction <125 μm. Fully hydrogenated perhydro
benzyltoluene (H12-BT) was purchased from Hydrogenious
LOHC Technologies (Germany) and contained minor
impurities of benzyltoluene (H0-BT) and partially
hydrogenated benzyltoluene (H6-BT), resulting in a degree of
hydrogenation (DoH) of 99.7% (Fig. S2) corresponding to a
DoD of 0.3%. Argon (ALPHAGAZ 2, quality 6.0, >99.9999
mol%) was purchased from Air Liquide.

2.2. Catalyst preparation

Three catalysts were used in this study. These included
a commercial platinum-based catalyst with selective
sulphur poisoning (PtS) and two impregnated catalysts:
platinum–rhenium (PtRe) and platinum (Pt). The
commercial PtS catalyst was ground and sieved into a
particle size range of 63–125 μm. PtRe and Pt catalysts were
synthesised using calcined PURAL TH300 support following a
procedure reported by Strauch et al.48 based on wet
impregnation using ion adsorption. A precursor solution was
prepared in ultrapure water containing H2[PtCl6] and
optional Re2O7, targeting a platinum concentration of 0.05
wt%. The required amount of alumina powder was added to
the solution after 10 min stirring to obtain a platinum
loading of 0.3 wt% and an additional rhenium loading of
0.15 wt% for the bimetallic PtRe catalyst. Stirring of the
solution for 10 min was followed by solvent removal in a
rotary evaporator at 50 °C. Drying was carried out under a
stepwise reduced pressure (140–20 mbar) over 3 h,
followed by calcination in a Nabertherm L9/11 muffle
furnace at 400 °C for 4 h in air. The reduction of the catalyst
was performed via thermal treatment in a horizontal tube
furnace (PMA, controller: KS 98-1). A heating rate of 10 °C
min−1 under argon flow was applied. Once the target
reduction temperature of 400 °C was reached and stabilised,
argon was replaced with 500 ml min−1 forming gas (10 vol%
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H2 in N2) to initiate reduction. After 2 h of reduction, the
catalyst powder was cooled under argon flow. In this study,
the use of finely powdered catalysts minimises internal
mass transfer limitations and differs from the shaped
catalysts typically employed in industrial reactors.
Consequently, the absolute performance values reported
here are not directly transferable to technical systems
without considering diffusion and transport effects
associated with catalyst geometry.

2.3. Material characterisation

X-ray diffraction (XRD) of the support materials and the
catalysts was conducted using a PANalytical X'Pert Pro
diffractometer with Cu Kα radiation (λ = 0.154060 nm).
Measurements were carried out over a 2θ range from 5° to
80° at room temperature, with a scan rate of approx. 0.01° s−1

and a total measurement time of 2 h. For phase
identification, reference patterns of γ-Al2O3 (COD-ID:
2107301), θ-Al2O3 (COD-ID: 1200005) and α-Al2O3 (COD-ID:
2101052) were used.

The salt addition method was applied, to determine the
pH at point of zero charge (pHPZC) of the support
materials.57–59 Approx. 0.05 g of solid sample was weighed
into 20 ml vials, followed by the addition of about 10 g of 0.1
M NaNO3 solution with pH values between 3 and 10 at pH
intervals of one using 0.1 M HNO3 and 0.1 M NaOH. The
initial pH (pHi) was measured with a pH electrode (Mettler
Toledo Seven Compact). The samples were shaken for 24 h at
300 rpm and 25 °C. After filtration, the final pH (pHf) of the
solutions was measured. The pH change (ΔpH) was
calculated, and pHPZC was obtained from the intersection of
the ΔpH versus pHi curve with the x-axis.

Structural characterisation of the calcined alumina
support was performed via nitrogen physisorption using a
NOVA 2000 (Quantachrome Instruments). Prior to analysis,
100–300 mg of sample was degassed at 130 °C for 20 h. The
pore size distribution was assessed by applying the BJH
method using the desorption branch of the isotherm, while
the specific surface area was calculated using the BET
method over a relative pressure (p/p0) range of 0.05–0.30.

Catalyst metal loading was determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES,
Agilent 725, Agilent Technologies, Inc.). For this, 20–50 mg of
catalyst was digested in 8 ml of a HCl–HNO3 mixture (1 : 3
volumetric ratio) using microwave-assisted decomposition.
Platinum concentrations were quantified at a characteristic
wavelength of 214.424 nm, while Re concentrations were
determined at 197.248 and 227.525 nm.

CO pulse chemisorption was used to probe the accessible
active sites for Pt-based catalysts. Approx. 200–400 mg of the
respective catalyst was analysed using an Autochem III
(Micromeritics). Prior to each measurement the samples were
dried at 120 °C under helium. All materials were reduced in
situ under 10 vol% H2/Ar at 400 °C for 60 min. The sample
was then cooled down to 35 °C and flushed with a

continuous flow of He. Next, the sample was probed with
intermittent CO/He pulse dosing. Each pulse corresponded
to an injected gas volume of approx. 0.54 ml (10.05% CO in
He). The pulses were repeated every two minutes until no
further uptake was observed, indicating saturation of the
catalyst surface.

2.4. Continuous reactor setup and experimental procedure

Continuous catalytic dehydrogenation of perhydro
benzyltoluene was performed in a CSTR with a 450 ml
pressure vessel, mechanical stirring, and electrical heating
(Parr Instrument, Fig. S3). The system features a continuous
LOHC feed provided via an HPLC pump, mass flow
controllers (Bronkhorst) connected to a gas inlet, and product
removal via a two-phase outlet connected to a gas–liquid
separation unit with a cooled condenser and buffer tank. An
autosampler at the liquid outlet of the buffer tank enables
liquid sampling while hydrogen in the gas phase product
stream is quantified in-line using a thermal conductivity
detector (TCD). A detailed description of the experimental
setup has been reported previously.55

A set of standard operating parameters was selected for all
dehydrogenation experiments (Table 1). Before each
experiment, 250 ml of H12-BT were loaded into the reactor as
the working reaction volume was previously shown to be
approx. 270 ml.55 Additional H12-BT was fed at a rate of 2.0
ml min−1 while flowing 200 ml min−1 of argon as sweep gas
until the pneumatic on–off valve opened and closed
periodically. Subsequently, the H12-BT feed was stopped, the
dehydrogenation catalyst was added, and the system was
purged again with 200 ml min−1 of argon until a stable signal
was obtained for the thermal conductivity detector. Heating
was initiated alongside the gas flow and stirring. The H12-BT
feed and automated sampling were started simultaneously,
once the temperature in the reactor reached 230 °C. After
reaching the target temperature of 250 °C, the reactor was
operated under steady-state conditions for five hours. The
temperature was then varied stepwise, with each setpoint
maintained for at least four hours.

2.5. Semi-batch laboratory catalyst screening

Based on the semi-batch study reported by Strauch et al.,48

the PtRe and Pt data were taken as reference values, while

Table 1 Standard operation parameters for the dehydrogenation of
perhydro benzyltoluene in a continuous three-phase stirred tank slurry
reactor

Parameter Value

Pressure/bara 1.0
Temperature/°C 250, 240, 230, 220, 210
Stirrer speed/rpm 1000
Catalyst amount/g 7.16
Liquid feed/ml min−1 2.0
Ar flow/mlN min−1 200
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the commercial PtS catalyst was tested in this work using the
same procedure. The dehydrogenation experiments were
conducted in a 100 ml round bottom glass flask setup
equipped with a reflux condenser and a heating mantle
(Fig. S4). A magnetic stirring bar was used to ensure mixing,
while the liquid phase temperature was monitored using a
type K thermocouple with the tip being immersed in the
reaction liquid and controlled by a temperature controller.
Before each experiment, the H12-BT equivalent of 2 g
reversibly bound H2 (32.2 g H12-BT) was added to the flask
and the catalyst amount was adjusted to a fixed molar ratio
of H12-BT to platinum of 10−4 molPt molH12-BT

−1. The
catalyst (1.078 g) was placed in a stainless-steel addition
device, allowing its introduction under reaction
conditions without opening the system. A constant flow
of 200 mlN min−1 argon was supplied by a mass flow
controller to inertise the system and to serve as sweep
gas for the released hydrogen during the experiment.
The reactor contents were heated to the target temperature
(210, 220, 230, 240 and 250 °C), while stirring continuously.
Once the desired temperature was reached and stabilised,
the catalyst was added to initiate the reaction. The
experiments were performed under ambient pressure for a
reaction time of 1320 min, while liquid samples were
withdrawn at defined time intervals for compositional
analysis. The hydrogen concentration of the off-gas was
continuously measured with a TCD.

2.6. Analysis of liquid samples

Liquid samples obtained during the dehydrogenation
experiments were analysed using an Agilent 8890 gas
chromatograph equipped with a DB-17 ms column (30 m × 250
μm) and flame ionisation detection (GC-FID). Approx. 100 μl of
each sample was diluted in 0.9 ml of isopropanol and 1 μl of the
resulting solution was injected and analysed using a predefined
temperature programme (Table S2).

The GC-FID enables distinct separation of the individual BT
species, including H12-BT, H6-BT, H0-BT and the major by-
product methylfluorene (Fl).7 The resulting chromatographic
data were processed using Python, and quantification was based
on the integrated peak areas. From these, the mole fractions of
the individual Hx-BT species xHx-BT were determined and
subsequently used to calculate the degree of dehydrogenation
according to GC (DoDGC) with eqn (1).

DoDGC

¼ 1− 12
12

·xH12‐BT þ 6
12

·xH6‐BT þ 0
12

· xH0‐BT þ xFlð Þ
� �� �

·100%

(1)

2.7. General performance metrics

The precious metal-based catalyst productivity (Prod.) relates the
mass of released hydrogen mH2

per unit of time Δt to the mass of
catalytically active platinum mPt during dehydrogenation
experiments. It can be determined according to eqn (2) based

on the volumetric flow of hydrogen out of the reactor V̇H2
,

quantified using the pre-calibrated in-line TCD, the catalyst
mass mcat., the platinum loading wPt, and the density of
hydrogen ρH2

(0.0898 kg m−3 at 273.15 K and 100 kPa).60

During semi-batch operation, the hydrogen release at
certain DoD levels reflecting the steady-state operation in
the CSTR were considered.

Prod: ¼ mH2

mPt·Δt
¼ V̇H2 ·ρH2

wPt·mcat:
(2)

The platinum-based turnover frequency (TOF) expresses
the number of molecules formed per active site and unit
time.53,61 Accordingly, it can be defined as the molar rate of
hydrogen formation ṅH2

normalised to the number of
surface-accessible platinum sites, which is derived from the
total molar amount of platinum nPt and the fraction of
exposed platinum atoms. Using the platinum-based
productivity, the platinum dispersion DPt, and the molar
mass of platinum MPt (195.08 g mol−1)62 and hydrogen MH2

(2.016 g mol−1),60 the TOF can be approximated via eqn (3).

TOF ¼ ṅH2

nPt·DPt
¼ Prod:·MPt

MH2 ·DPt
(3)

2.8. CSTR specific definitions

The variables and models used for the CSTR evaluation are
defined in this section. Further details on the mathematical
derivation can be found in a previous study.55

To account for variations in hydrodynamic conditions, the
experimental results from continuous operation were
analysed using dimensionless time θ, defined as the ratio of
the time on stream t to the mean residence time of the liquid
phase in the reactor τ.52 Herein, τ is estimated as the ratio of
the liquid holdup under reaction conditions VR (CSTR: ∼270
ml), to the volumetric flow rate of H12-BT V̇H12-BT (eqn (4)).
The reactor stability during continuous operation was
assessed using the relative change in productivity over
dimensionless time ΔProd.(θ) as a steady-state indicator.

θ ¼ t
τ
¼ t

V̇H12‐BT

VR
(4)

As a measure for the volumetric productivity of the reactor
during continuous operation, the space–time yield (STY) was
determined by relating the molar flow of products ṅ to the
reaction volume V.53 Calculation was performed according to
eqn (5) using the volumetric hydrogen flow rate V̇H2

, the
liquid holdup under reaction conditions VR, and conversion
of the volumetric flow into a molar flow using the molar gas
volume under standard conditions Vm (22.4 l mol−1).63

STY ¼ ṅ
V
¼ V̇H2

VmVR
(5)
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Assuming ideal backmixing and a constant liquid reaction
volume, the DoD can also be determined from the quantified
flow of released hydrogen according to the TCD (DoDTCD)
during continuous operation. For this purpose, a virtual
concentration of hydrogenated BT equivalents cHx-BT at the
reactor outlet is derived over time t from the released
hydrogen using a molar material balance. Normalising cHx-BT

to the inlet concentration of H12-BT cH12-BT yields the
DoDTCD as expressed in eqn (6).

DoDTCD tð Þ¼ 1 − cHx‐BT tð Þ
cH12‐BT

� �
·100% (6)

Conversion X refers to the relative decrease in the molar
quantity of a component during reaction. For
dehydrogenation during continuous operation, the
conversion is evaluated from the difference in reversibly
bound hydrogen between the H12-BT feed and the liquid
product stream at the reactor outlet. If the feed is fully
hydrogenated the dehydrogenation conversion XDoD can be
approximated by the DoD with eqn (7).

XDoD ≈ DoD
100%

(7)

To assess thermodynamic limitations, the equilibrium
conversion Xeq was calculated using the equilibrium degree
of hydrogenation of benzyltoluene DoHeq,BT reported by Rüde
et al.7 according to eqn (8).

Xeq(T,p) = 1 − DoHeq,BT(T,p) (8)

2.9. Effective kinetic model

Kinetic parameters were estimated with a simplified model
based on the concentration of hydrogenated BT equivalents
cHx-BT to account for the dependence of the reaction rate on
the concentration of available reactants. The effective
formation rate of hydrogen rH2,eff. was calculated from the
measured productivity and the molar mass of hydrogen MH2

,
including the corresponding conversion of units. Applying
the stochiometric relationship of the H12-BT
dehydrogenation (release of six moles of hydrogen per H12-
BT for complete dehydrogenation), rH2,eff can also be
expressed via the effective rate constant keff, the
concentration of hydrogenated BT equivalents cHx-BT, and the
effective reaction order neff (eqn (9)). This formulation is
intended as an effective reactor scale description and does
not represent intrinsic species resolved kinetics.

rH2;eff ¼ Prod:
1

MH2

1000 gPt
1 kgPt

1 min
60 s

¼ 6·keff ·c
neff
Hx‐BT (9)

For evaluation of the temperature dependence, keff was
determined from rH2,eff assuming an apparent first-order
dependence on cHx-BT (neff = 1) according to eqn (10). The
resulting parameter is therefore an effective rate constant

combining influence of composition, intermediate formation,
hydrogen inhibition, thermodynamic limitations, and
possible mass transport limitations, rather than a
mechanistic intrinsic constant. Its temperature dependence
was described by an Arrhenius type relation, where k0
denotes the pre-exponential factor, EA,e the apparent
activation energy, R the universal gas constant, and T the
absolute temperature.53

keff Tð Þ ¼ rH2;eff

6·cHx‐BT
¼ k0· exp

−EA;e

RT

� �
(10)

The natural logarithm of eqn (10), as shown in eqn (11),
yields a linear relationship. In the corresponding Arrhenius
plot, EA,e and k0 can be obtained from slope and y-axis
intercept, respectively.

ln keffð Þ¼ ln k0ð Þ − EA;e

R
1
T

(11)

3. Results and discussion
3.1. Catalyst properties and structural characteristics

The catalysts and support materials were characterised to
establish the structural, textural, and surface properties
relevant for platinum dispersion and site accessibility
(Table 2). A detailed discussion of the characterisation results
can be found in the SI. XRD identified the commercial
support as θ–α-Al2O3 and the as-prepared alumina as γ-Al2O3.
The crystalline frameworks of both supports are retained
after impregnation and thermal treatment, while no
detectable diffraction peaks from platinum or rhenium are
observed due to the low metal loadings and high
dispersion (Fig. S5). The pHPZC was determined for both
supports (Fig. S6). Slightly higher values were obtained for
θ–α-Al2O3, reflecting differences in alumina phase
composition and surface properties. N2 physisorption
revealed that the γ-Al2O3 has a higher surface area and
larger mesopores than the θ–α-Al2O3 (Fig. S7, Table S3).
Similar adsorption–desorption behaviour before and after
impregnation indicates that the pore structure remains
largely accessible and intact. ICP-AES analyses confirmed
comparable platinum loadings across all catalysts (Table
S4). CO pulse chemisorption yielded apparent platinum
dispersions of 68%, 88%, and 62% for PtRe, Pt, and PtS,
respectively, indicating differences in accessible platinum
surface sites (Table S5).

3.2. Continuous dehydrogenation experiments

All catalysts were studied in a three-phase stirred tank slurry
reactor55 in the temperature range of 210 to 250 °C (Fig. 3) to
sustain the majority of the LOHC in the liquid phase (boiling
point of isomers in the range of 264–272 °C at 1.0 bara)

7

enabling direct comparison with the performance from
semi-batch experiments under atmospheric pressure.
Following an initial spike in productivity due to the fully
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hydrogenated LOHC in the reactor and liquid feed during
start-up at 250 °C, a constant hydrogen release was
observed for θ > 2 (Fig. 3). Subsequently the reactor
temperature was decreased stepwise and maintained for
approx. 2θ to enable steady-state operation at each setpoint.
Lower reaction temperatures resulted in the expected
decrease in catalyst productivity, space–time yield, and
conversion (Fig. 3, Table S6). As indicated by ΔProd.(θ) the
reactor operates under quasi-steady-state conditions
following each temperature adjustment. Although transient
deviations are observed, no systematic loss of activity or
progressive deactivation is evident for any of the catalysts
over the investigated temperature range.

Similar to previous results using a semi-batch
dehydrogenation setup,48 the PtRe catalyst exhibited the
highest hydrogen productivity across the whole tested
temperature range (Fig. 3, Table S6). In line with the
observed catalyst productivity trends, the highest DoD was
obtained for PtRe (20.2% at 250 °C), followed by Pt (12.3%),
and PtS (7.2%). When comparing PtRe to the Pt catalyst, the
productivity was enhanced by 71–97% while reaching
significantly higher DoD, which confirms a higher intrinsic
dehydrogenation activity within the investigated temperature

window. This is further supported by TOF values, which show
that PtRe maintains the highest intrinsic activity when
normalised to accessible platinum surface sites (Fig. S8). In
contrast, Pt and PtS exhibit comparable TOFs over the
investigated temperature range, indicating that the accessible
Pt sites in both catalysts display similar apparent intrinsic
dehydrogenation activities. Nevertheless, the PtS catalyst
shows a lower overall productivity at higher reaction
temperatures (Fig. 3, Table S6). This decrease is likely not
only related to a reduced number of accessible Pt surface
sites due to selective sulphur poisoning, as indicated by CO
pulse chemisorption measurements (Table 2), but may also
reflect sulphur induced electronic modification of
neighbouring Pt sites, which alters their adsorption
properties as evidenced by CO-DRIFTS.13 The lower specific
surface area and smaller characteristic pore size of the
commercial θ–α-Al2O3 support are expected to only
have minor influence on the catalyst performance
during low-temperature dehydrogenation. While both
can lower the surface concentration of active sites and
increase susceptibility to internal mass transfer limitations in
liquid-filled pores,17,33,44 transport effects are not expected to
dominate in tested powder catalysts.56

Conclusively, the catalysts exhibit stable and reproducible
performance under continuous operation, which enables
ranking based on the steady-state activity. Across the
investigated temperature range, PtRe consistently shows the
highest activity, followed by Pt and PtS.

3.3. Reactor dependent performance and scaling behaviour

A direct comparison of the absolute hydrogen productivity
measured in the CSTR and during semi-batch testing at
comparable DoDs (Fig. S9) reveals a systematic difference
between both reactor concepts across the investigated
temperature range (Fig. 4, Table S7). For all catalysts and
temperatures, semi-batch operation results in substantially
higher productivity exceeding the corresponding CSTR values
by a factor of three to five. This indicates that semi-batch
screening consistently overestimates the achievable
productivity under steady-state conditions.

Despite the systematic offset of absolute productivity, the
order of catalyst activity remains largely unchanged. When
productivity is normalised to the most active catalyst at each
temperature (Fig. 4), similar trends are apparent in both

Table 2 Summary of catalyst properties

Catalyst Al2O3
a SBET

b/m2 g−1 dBJH
b/nm pHPZC

c Ptd/wt% Red/wt% Sd/wt% DPt
e/%

PtRe γ 81 28 6.5 0.27 0.16 — 68
Pt 0.30 — — 88
PtS θ, α 31 21 7.1 0.24 — 0.11 62

a Alumina crystal phase determined by XRD. b Textural properties determined by N2 physisorption: SBET denotes the specific surface area
calculated by the Brunauer–Emmett–Teller method, and dBJH denotes the average pore diameter obtained from Barrett–Joyner–Halenda desorption
method. c pH at the point of zero charge, determined by the salt addition method. d Elemental loading determined by ICP-AES. e Apparent
platinumdispersion determined by CO pulse chemisorption, assuming adsorption of one COmolecule per accessible Pt surface atom.

Fig. 3 Effect of temperature on key performance indicators of PtRe,
Pt and PtS catalyst for continuous dehydrogenation of perhydro
benzyltoluene (H12-BT) at 1000 rpm, 1 bara, and a H12-BT feed rate of
2.0 ml min−1. PtS data adapted from previous work.55 The data
illustrate the temperature sensitivity of the reactor and catalyst systems
under continuous slurry operation in the studied temperature range
(210–250 °C).
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semi-batch and continuous operation. However, minor
deviations are evident, particularly for Pt and PtS at
lower temperatures. These observations suggest that,
while semi-batch screening reliably identifies the most
active catalyst and captures overall performance trends,
it does not quantitatively reproduce absolute productivity
levels and can partially distort the relative spacing
between catalysts under continuous conditions.

To evaluate whether the difference between semi-batch
and continuous operation follows a systematic, reactor
dependent trend, the temperature dependence of hydrogen
productivity was analysed on a logarithmic scale for both
reactor concepts (Fig. 5(a)). For all catalysts, productivity
increases exponentially with temperature in both systems,
resulting in roughly parallel trends when plotted against
temperature. Although the fitted trends for both reactor
concepts capture the overall temperature dependence, the
scatter of the individual semi-batch data points around the
fitted lines is slightly larger than during continuous testing.
This reflects the fact that the semi-batch data was obtained
from independent transient experiments, whereas the CSTR
data represent steady-state operation during a single
experiment with mean productivity values acquired during

several residence times. Notably, this increased scatter does
not affect the observed systematic offset.

Further inspection of the logarithmic productivity data
reveals a consistent difference between CSTR and semi-
batch operation across catalysts and temperatures (Table
S7). The difference between the log-transformed CSTR and
semi-batch productivities remains narrow within Δlog(Prod.)
≈ 0.5–0.7 for PtRe, Pt, and PtS throughout the investigated
temperature window. The similarity of the slopes on a
logarithmic scale and the lack of strong temperature
dependence in Δlog(Prod.) indicate that the underlying
temperature sensitivity is largely preserved, while the
absolute rate level is shifted by the reactor configuration. In
this sense, the productivity difference may, as a first
approximation, be described by a common reactor
dependent scaling factor.

Across the investigated temperature range, the ratio
between the absolute productivities remains within a
relatively narrow range and only shows a minor temperature
dependence (Fig. 5(b), Table S7). The absence of a
pronounced monotonic trend further supports the
interpretation that the lower productivity observed in
continuous operation reflects a systematic reactor dependent

Fig. 4 Productivity measured during continuous stirred-tank reactor (CSTR) and semi-batch operation for PtRe, Pt, and PtS catalysts at reaction
temperatures between 210 and 250 °C. CSTR PtS data adapted from previous work.55 Semi-batch data for PtRe and Pt adapted from Strauch
et al.48 All productivity values are reported at comparable degrees of dehydrogenation (DoD). Solid bars represent productivity obtained in the
CSTR at steady-state, while patterned bars indicate semi-batch data. Symbols denote productivity values normalised to the most active catalyst
at each temperature level with lines to guide the eye.

Fig. 5 (a) Temperature dependence of the productivity, as measured during continuous stirred-tank reactor (CSTR) and semi-batch operation for
PtRe, Pt and PtS catalysts at comparable degrees of dehydrogenation (DoD). Productivity is shown on a logarithmic scale with linear fit to illustrate
the systematic offset between the two reactor types. (b) Ratio of CSTR to semi-batch productivity, as function of temperature for the three
catalysts. This highlights the approx. constant, reactor dependent scaling behaviour across the investigated temperature range, although the
210 °C data points show comparatively high values for all catalysts. Lines to guide the eye. CSTR PtS data adapted from previous work.55 Semi-
batch data for PtRe and Pt adapted from Strauch et al.48
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shift that can be approximated by a common scaling factor,
rather than isolated operating effects.

3.4. Transferability between reactor concepts

The systematic productivity offset identified in the
logarithmic and ratio analyses suggests that semi-batch data
can be transferred to continuous operation at a qualitative,
but not quantitative, level. To further assess transferability
between reactor concepts, CSTR and semi-batch productivity
values at comparable DoD were related by the empirical
transfer expression given in eqn (12), introducing an effective
transfer factor φ.

φ ¼ Prod: CSTR
Prod: Semi‐batch

����
DoD;T ;p;LOHC:Pt

(12)

In the case of ideal quantitative transferability between
reactor concepts, φ = 1 would be expected. However,
correlating CSTR and semi-batch productivity values in a
parity plot reveals systematic deviations from one-to-one
correspondence (Fig. 6). Origin-constrained fits require
effective transfer factors of 0.27 for PtRe, 0.24 for Pt, and 0.22

for PtS. Therefore, only 20–30% of semi-batch productivity is
observed during continuous operation. Notably, the
magnitude of φ depends on the catalyst, with the largest
value obtained for PtRe, the most active catalyst in both
reactor systems. This indicates that higher catalyst activity is
associated not only with higher absolute productivity, but
also with somewhat improved quantitative transferability
between semi-batch and continuous operation. At the same
time, the transfer factors remain within a comparatively
narrow range, corresponding to an average value of φ ≈ 0.24
for the investigated system. This suggests that a
reactor dependent empirical transfer factor can serve as
a useful first approximation, or rule-of-thumb, for estimating
continuous CSTR productivity from semi-batch data.
However, φ-scaled parity analysis (Fig. S10) demonstrates that
this scaling does not fully collapse all data onto parity,
indicating residual temperature and catalyst dependent
deviations. Consequently, semi-batch screening captures
catalyst ranking and general performance trends reliably,
whereas quantitative transferability to continuous operation
remains reactor and catalyst dependent and improves with
increasing activity.

The systematic offset between CSTR and semi-batch
productivity can be explained by a range of parameters
affecting the reactor environment. Firstly, semi-batch
experiments follow a transient composition trajectory and
therefore include an initially favourable high-rate regime
similar to the elevated productivity observed during start-up
in continuous operation (Fig. 3), which is also 2–3 times
higher than during steady-state. At steady-state, the
productivity in a CSTR is consequently lower due to a lower
driving force for dehydrogenation, which results in
systematic underestimation of the productivity during
continuous operation. Additional contributions may arise
from potential differences in local hydrogen partial pressure,
catalyst deposition on the reactor internals observed after
reaction, mixing intensity, catalyst suspension, and
agitation mode. In particular, magnetic stirring was used
in the semi-batch setup, whereas the continuous CSTR
was mechanically stirred, which may influence solid–liquid
contact, and hydrogen removal. Related LOHC studies
likewise show that hydrogen release strongly depends on
reactor concept and local reaction environment,
including hydrogen removal from the reactor, pressure
level, and system design.54,64–67 Notably, Mahayni
et al.38 reported comparable H12-BT dehydrogenation
productivity in semi-batch operation and continuous
fixed-bed validation for Pt/Al2O3 catalysts with optimised
Pt nanoparticle size. However, this comparison was
performed in a fixed-bed reactor using shaped catalyst pellets
rather than in a single CSTR, and therefore reflects
transferability to a different continuous reactor concept. This
distinction highlights that reactor-to-reactor transfer is not
governed by the operation mode alone, but also by the
specific hydrodynamic and transport environment. These
findings support the interpretation that the systematic offset

Fig. 6 Parity plot of productivity during continuous (CSTR) and
semi-batch dehydrogenation conditions for PtRe, Pt, and PtS
catalysts at comparable degrees of dehydrogenation (DoD).
Dash-dotted lines represent origin-constrained linear fits, y = φx,
for the individual catalysts. Dotted lines and shaded region indicate a
±20% deviation envelope around the average empirical transfer
relationship, y = 0.24x, which corresponds to the mean effective
transfer factor of the investigated system and is included as a visual
guide only and not as a statistically derived confidence interval.
Effective transfer factors below unity indicate a systematic
underestimation of the productivity during continuous operation
relative to semi-batch, while the preserved correlation reflects
qualitative transferability of catalyst performance trends between
reactor concepts. CSTR PtS data adapted from previous work.55

Semi-batch data for PtRe and Pt adapted from Strauch et al.48
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observed here originates from reactor specific transport,
mixing, and pressure effects. However, in the LOHC literature
considered here, these effects are discussed in a reactor
specific manner and do not provide a direct mapping
between semi-batch data and continuous performance. The
broader reaction engineering literature has addressed the
transferability from semi-batch to continuous reactor
concepts more explicitly, although direct experimental
comparisons between semi-batch and single-CSTR remain
limited. Florit et al.68 developed kinetics-free procedures for
transforming semi-batch recipes to equivalent continuous
tubular reactors or CSTR cascades with intermediate feeding,
and Maestri et al.69 extended this concept into a general
experimental procedure for fine chemicals. Copelli et al.70

applied this framework to potentially runaway nitration,
demonstrating that a CSTR cascade could replicate the semi-
batch process with a significantly smaller reactor volume
while ensuring safe operation. More generally, comparative
studies on other reaction systems have shown that changing
from semi-batch to continuous operation can affect the
observed conversion, selectivity, productivity or product
quality, since the dosing strategy, residence time, mixing and
transport conditions differ between reactor concepts.71–74

The present results are consistent with this broader picture
while extending it to H12-BT dehydrogenation under
experimentally matched conditions.

3.5. Apparent kinetics and temperature dependence

All catalyst tests were conducted significantly below
equilibrium conversion (Fig. 3), which enables analysis of the
apparent reaction kinetics. Arrhenius-type analyses were
therefore performed to assess whether the observed
differences between CSTR and semi-batch operation are
mainly reflected in the apparent rate level or also in the
temperature sensitivity (Fig. 7). For all catalysts, linear
relationships are obtained, which is consistent with a
predominantly kinetic temperature dependence, i.e.
operation in the kinetic regime.75

Several considerations indicate that the derived
Arrhenius parameters are unlikely to be primarily governed
by non-kinetic limitations under the investigated conditions.

First, the temperature range of 210–250 °C is below the
elevated-temperature regime in which significant mass or
heat transfer limitations during H12-BT dehydrogenation
have mainly been reported.56,76 Second, previous
investigations using the same three-phase slurry CSTR
concept, LOHC system, PtS catalyst, and catalyst particle
size range showed that catalyst productivity became largely
independent of stirrer speed once complete catalyst
suspension was achieved.55 This indicates that
mixing-sensitive external transport was not rate-dominant
under the selected conditions. Gas–liquid transport requires
separate consideration because hydrogen is a reaction
product and its transfer into the liquid phase does not limit
reactant supply. Although bubble-nucleation limitations can
occur, vigorous stirring has been demonstrated as mitigation
strategy.14 Hence, their influence is expected to be small,
although effects on gas holdup, local hydrogen partial
pressure, and disengagement cannot be excluded. Third, a
particle size study for H12-BT dehydrogenation using the
same commercial PtS catalyst found pore-diffusion effects for
the original shaped catalyst bodies, but no further rate
increase for particles below 500 μm.56 Since the particle
fractions used in this work were below this threshold,
dominant intraparticle diffusion is considered unlikely,
although minor contributions cannot be excluded. Finally, no
systematic loss of activity was observed during continuous
operation. For the commercial PtS catalyst, stable activity was
additionally demonstrated during long-term operation at
310 °C,55 indicating that catalyst deactivation is not
dominant within the investigated operating range.

The apparent activation energies across operation
modes (Table 3) are within the typical error margin for
each catalyst. This indicates that the temperature
sensitivity of the dehydrogenation reaction remains largely
unchanged. Consequently, the corresponding pre-
exponential factors (Table 3) reflect shifts in the apparent
rate level under the respective reactor configuration. This
observation supports the conclusion that reactor
dependent effects primarily influence the rate magnitude
while catalyst specific trends in temperature sensitivity
remain intact. The derived Arrhenius parameters therefore
represent apparent kinetic descriptors that integrate

Fig. 7 Arrhenius plots for continuous (CSTR) and semi-batch dehydrogenation over PtRe, Pt and PtS catalysts. Lines represent the linear
regression used to determine the Arrhenius parameters. The data quantify the temperature sensitivity of the tested catalysts in the studied
temperature range (210–250 °C). CSTR PtS adapted from previous work.55 Semi-batch data for PtRe and Pt adapted from Strauch et al.48
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intrinsic reaction kinetics with reactor specific transport,
hydrodynamic, and compositional effects.

Systematically derived Arrhenius parameters for perhydro
benzyltoluene dehydrogenation are scarce in the open
literature and are strongly affected by the testing
environment as well as data evaluation. Jo et al.17 report
apparent activation energies of 168 kJ mol−1 for a
mesoporous platinum on alumina catalyst (2.67 wt% Pt) and
111 kJ mol−1 for a sulphur modified catalyst (2.70 wt% Pt,
0.21 wt% S) during semi-batch testing. This is consistent
with the trend observed in the present study, where the
sulphur-modified Pt catalyst exhibits lower apparent
activation energies than the unmodified Pt catalyst,
regardless of the operation mode.

Strauch et al.48 report apparent activation energies of
170.5 and 182.2 kJ mol−1 for PtRe and Pt, respectively, when
comparing the maximum productivity at low DoD (DoD ≈
5%) during semi-batch operation. At such a low DoD,
changes in liquid phase composition as well as inhibition
and coverage effects are neglectable. To reduce the influence
of conversion level on the kinetic analysis during continuous
operation, the effective formation rate of hydrogen was
herein normalised to the concentration of hydrogenated BT
equivalents, cHx-BT (eqn (10)), thereby accounting for the
decreasing concentration of hydrogenated carrier with
increasing DoD. While this normalisation takes the
conversion level into account, it cannot eliminate effects
entirely as changes in liquid phase composition (distribution
of partially dehydrogenated intermediates) and the associated

adsorption or inhibition phenomena cannot be captured by a
single concentration term. Applying this evaluation approach
to the semi-batch productivity data reported by Strauch
et al.,48 apparent activation energies of 147 and 163 kJ mol−1

were obtained for PtRe and Pt, respectively (Table 3). The
lower values can mostly be attributed to higher DoD levels at
higher temperatures, where the effects of inhibition or
coverage are more pronounced and affect the effective
Arrhenius parameters.

While the Arrhenius analysis quantifies the transferability
of temperature dependence and the reactor dependent shift
in the apparent rate level, this behaviour is illustrated directly
by plotting the effective rate constant for the studied
temperature range (Fig. 8). Derived from the Arrhenius
parameters (Table 3), the plot shows that keff increases
monotonically with temperature for both reactor concepts,
with semi-batch operation consistently yielding higher rate
constants than continuous operation. Although the offset
between the two reactor concepts remains relatively
constant, the difference in their effective rate constants
scales with temperature. This trend reflects differences in
the pre-exponential factors and confirms that the effects of
the reactor primarily manifest as shifts in the reaction rate
rather than the temperature sensitivity.

3.6. Liquid phase analysis and side reactions

Liquid phase analysis was conducted to investigate whether
the reactor configuration influences the reaction pathway or

Table 3 Apparent activation energies EA,e and pre-exponential factors k0 derived from Arrhenius analyses of perhydro benzyltoluene dehydrogenation
over PtRe, Pt and PtS catalysts under continuous (CSTR) and semi-batch operation. PtRe and Pt, semi-batch values reported by Strauch et al.48 were
re-evaluated using the same normalisation approach applied to the CSTR data to ensure methodological consistency

Catalyst EA,e/kJ mol−1 k0/lHx-BT kgPt
−1 s−1 Setup Ref.

PtRe 141 5.86 × 1013 CSTR This study
147a 8.47 × 1014 Semi-batch 48

Pt 145 7.79 × 1013 CSTR This study
163a 2.91 × 1016 Semi-batch 48

PtS 118 1.02 × 1011 CSTR 55
130 7.08 × 1012 Semi-batch This study

a Apparent activation energies differ from reported values due the use of a modified kinetic approach with the concentration of hydrogenated
BT equivalents cHx-BT, see eqn (10), as well as extraction of the productivity in the DoD range of corresponding CSTR experiments.

Fig. 8 Temperature dependence of the effective rate constant keff for continuous (CSTR) and semi-batch dehydrogenation over PtRe, Pt and PtS
catalysts. Lines are calculated from previously determined EA,e and k0 (eqn (11)) and illustrate reactor dependent differences in the effective rate
level. CSTR PtS data adapted from previous work.55 Semi-batch data for PtRe and Pt adapted from Strauch et al.48
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primarily affects the liquid phase composition through
operation mode (Fig. 9). When product composition is
compared at similar DoD, the overall composition follows the
same qualitative trends for both CSTR and semi-batch
operation. This suggests that the primary dehydrogenation
sequence remains consistent in both operation modes.
However, differences in intermediate holdup and phase
behaviour specific to each reactor slightly modify the
liquid phase composition and the extent of consecutive
side reactions. In particular, CSTR operation results in a
slightly lower H12-BT fraction and more pronounced
accumulation of H6-BT at comparable DoD, most notably
for the highly active PtRe catalyst. While this trend also
reflects comparison of steady-state with transient
composition, it may also be linked to a preferential
evaporation of the BT species with a lower boiling point and
a discharge via the gas phase in the CSTR.55 These BT species
are refluxed during semi-batch operation. The more
pronounced shift in composition observed for PtRe can be
explained by its higher hydrogen production rate and the
resulting increased gas flow out of the reactor increasing
discharge of evaporated perhydro benzyltoluene.54 These
effects modify the liquid phase composition without altering
the underlying reaction sequence and therefore reflect
physical separation by the CSTR.

The DoD observed under steady-state CSTR operation is
reached in semi-batch experiments after approx. 20–30 min
(Fig. S11). The reproducible timescale observed across
experiments indicates that CSTR operation stabilises the
system at an early point along the dehydrogenation pathway.
Notably, this characteristic semi-batch timescale is
substantially shorter than the mean residence time of the
CSTR (approx. 135 min under standard conditions).

Increasing the residence time shifts the steady-state of the
CSTR towards later times in semi-batch operation (Fig. S12).
This behaviour is originated in the strongly mixed nature of
the CSTR and the continuous replenishment of fresh H12-BT
and withdrawal of partially dehydrogenated liquid, as well as
the sequential, equilibrium limited nature of the
dehydrogenation network. Consequently, the continuous
reactor stabilises at an intermediate H6-BT-rich composition
and does not access the deeper conversion regime explored
during longer semi-batch operations.

Side product formation is a critical aspect of LOHC
dehydrogenation as Pt-based catalysts also accelerate deep
dehydrogenation of H0-BT and other consecutive reactions,
such as cyclisation, leading to methylfluorene and other high
boiling by-products.7,19,21 These reactions lower selectivity
towards H0-BT as well as the LOHC quality and consequently
may affect the hydrogen capacity over repeated storage cycles.
The formation of methylfluorene increases systematically
with the degree of dehydrogenation for all the catalysts
(Fig. 10). At a comparable DoD, CSTR operation results in
higher methylfluorene concentrations than semi-batch
operation, with this effect being most pronounced for the
highly active PtRe catalyst. As methylfluorene is formed via
consecutive reaction of most likely H6-BT and H0-BT, the
prolonged residence time in the reactor promotes the
formation of side products. Hence, the side product
formation scales with exposure time of the catalyst to
(partially) dehydrogenated species. Further, the absolute
turnovers of H6-BT are seemingly more important than the
actual exposure of H0-BT to the catalyst, i.e. the data
comparison suggests that methylfluorene species rather form

Fig. 9 Liquid phase composition at various degrees of
dehydrogenation (DoDGC) for continuous (CSTR) and semi-batch
dehydrogenation over PtRe, Pt and PtS catalysts. The relative fractions
of H12-BT, H6-BT and H0-BT are shown. Similar product distributions
at comparable DoD suggest a reactor independent reaction pathway,
whereas small differences suggest a mild separation by boiling point
within the CSTR. Lines to guide the eye. CSTR PtS adapted from
previous work.55 Semi-batch data for PtRe and Pt adapted from
Strauch et al.48

Fig. 10 Formation of methylfluorene at various degrees of
dehydrogenation (DoDGC) for continuous (CSTR) and semi-batch
dehydrogenation over PtRe, Pt and PtS catalysts. Continuous operation
results in higher concentrations of methylfluorene at comparable
DoDGC, with this effect being most pronounced for the highly active
PtRe catalyst. These trends suggest that side-product formation is
enhanced under conditions where partially dehydrogenated
intermediates remain in the reactor for longer, emphasising the reactor
dependent aspect of consecutive reactions. Lines to guide the eye.
CSTR PtS data adapted from previous work.55 Semi-batch data for
PtRe and Pt adapted from Strauch et al.48
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via consecutive dehydrogenation rather than through
re-adsorption of H0-BT. In contrast, PtS consistently
showed the lowest methylfluorene concentrations
among the investigated catalysts, indicating a reduced
tendency towards consecutive side reactions. This is
in line with the concept of sulphur modification of
PtS, where selective poisoning preserves the
dehydrogenation activity of platinum while suppressing
hydrogenolysis and by-product formation, thereby
improving catalyst stability.13,77 The general observed
trends suggest methylfluorene formation in the CSTR
reflects residence time and accumulation effects
dependent on the reactor rather than a change in
the underlying reaction pathway. These findings
further support the conclusion that the differences
between semi-batch and continuous reactor concepts
arise from the operational realisation of the same
reaction network, rather than changes in catalyst
selectivity or reaction mechanisms.

4. Summary and conclusions

A systematic comparison of CSTR and semi-batch operation
for the dehydrogenation of perhydro benzyltoluene over PtRe,
Pt and PtS catalysts revealed that semi-batch screening does
reliably represent the qualitative catalyst performance.
However, a systematic overprediction of the steady-state
productivity in continuous operation was identified rendering
quantitative transfer of semi-batch results to continuous
operation challenging. Across the investigated temperature
range (210–250 °C), semi-batch productivities were approx.
three to five times higher than the corresponding CSTR
values at steady-state, while the catalyst order remained
unchanged at PtRe > Pt > PtS. Noteworthy, the transient
productivity during start-up of the CSTR is only 2–3 times
increased, i.e. continuous operation is already reflected in
the early time on stream.

The difference between the two reactor concepts was
shown to be systematic and reactor dependent. Logarithmic,
ratio, and parity analyses revealed that this difference can be
approximated by a reactor specific empirical transfer factor.
However, the extent of quantitative transferability remains in
part catalyst specific as the effect of catalyst performance on
the liquid composition remains relevant. Apparent kinetic
analysis revealed similar temperature sensitivities in both
reactor types, whereas liquid phase analysis showed that
they both follow the same primary dehydrogenation
pathway. Therefore, the lower continuous productivity is not
attributed to a change in the underlying chemistry, but to
the different reactor environments sampled by CSTR and
semi-batch operation. Continuous stirred operation
stabilises the system at an earlier, H6-BT-rich position along
the dehydrogenation network.

These findings demonstrate that semi-batch testing
represents an effective tool for catalyst screening and
benchmarking. However, quantitative reactor and process

assessment for LOHC hydrogen release requires validation
under the relevant continuous operating mode. In this sense,
the present study provides a framework for relating
semi-batch screening results to steady-state CSTR
performance, yielding valuable insight into the general
relationship between transient screening data and
continuous LOHC dehydrogenation.
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Symbols

cA,0 Initial concentration of component A (mol l−1)
cA Liquid phase concentration of component A

(mol l−1)
cA,end Concentration of component A at the end of the

experiment (mol l−1)
cA,SS Concentration of component A at steady-state

(mol l−1)
cH12-BT Concentration of H12-BT (mol l−1)
cHx-BT Concentration of hydrogenated BT equivalents

(mol l−1)
dBJH Average pore diameter (nm)
DoD Degree of dehydrogenation (%)
DoDGC Degree of dehydrogenation according to

GC-FID (%)
DoDTCD Degree of dehydrogenation according to

TCD (%)
DoH Degree of hydrogenation (%)
DoHeq,BT Equilibrium degree of hydrogenation (—)
DPt Apparent platinum dispersion (%)
ΔProd. Relative change in productivity (%)
Δt Time interval (min)
EA,e Arrhenius activation energy (kJ mol−1)
k0 Pre-exponential factor (lHx-BT kgPt

−1 s−1)
keff Effective reaction rate constant (lHx-BT kgPt

−1 s−1)
mcat Catalyst mass (g)
mH2

Mass of released hydrogen (g)
MH2

Molar mass of hydrogen (g mol−1)
mPt Mass of platinum (g)
MPt Molar mass of platinum (g mol−1)
ṅ Molar flow of formed product (mol h−1)
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ṅH2
Molar flow of formed hydrogen (mol s−1)

neff Effective reaction order (—)
nPt Molar amount of platinum (mol)
pHPZC pH at the point of zero charge (—)
Prod. Platinum-based productivity (gH2

gPt
−1 min−1)

φ Effective transfer factor from semi-batch to
continuous operation (—)

R Universal gas constant (J mol−1 K−1)
rH2,eff Effective formation rate of hydrogen

(molH2
kgPt

−1 s−1)
ρH2

Density of hydrogen (kg m−3)
SBET Specific surface area (m2 g−1)
STY Space–time yield (molH2

l−1 h−1)
t Time (min)
tend Reaction time at end of experiment (min)
T Temperature (K)
τ Residence time (min)
θ Dimensionless time (—)
TOF Turnover frequency (s−1)
V Volume (ml)
V̇H12-BT Volumetric H12-BT flow rate (ml min−1)
V̇H2

Volumetric hydrogen flow rate (ml min−1)
Vm Molar gas volume under standard conditions

(l mol−1)
VR Reaction Volume (ml)
wPt Platinum loading (wt%)
X Conversion (—)
Xeq Equilibrium conversion (—)
XDoD conversion of dehydrogenation (—)
xFl Mole fraction of methylfluorene (—)
xH0-BT Mole fraction of H0-BT (—)
xH12-BT Mole fraction of H12-BT (—)
xH6-BT Mole fraction of H6-BT (—)
x Position in the reactor (—)
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