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ABSTRACT: The liquid organic hydrogen carrier (LOHC) technology enables
efficient hydrogen storage under ambient conditions by chemically binding hydro-
gen to organic molecules. Among the various LOHC systems, the perhydro benzyl
toluene/benzyl toluene (H12‑BT/H0‑BT) pair stands out due to its low vapor
pressure, favorable thermal stability, and high volumetric storage density.
Continuous dehydrogenation of H12‑BT in fixed‑bed reactors, however, is typi-
cally characterized by rapid evaporation of the LOHC once a significant part of
the bound hydrogen has been released. The resulting gas‑phase dehydrogenation
suffers from reduced heat transfer efficiency and catalyst wetting. In this study,
we introduce a reactor concept that suppresses full LOHC evaporation through
an internal recycling of the hydrogen‑lean liquid product. We compare this recy-
cling concept with the classical once-through reaction mode regarding heat
demand, heat transfer, hydrogen release productivity, by‑product formation, and
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at demand due to its higher overall amount of
LOHC evaporation, it significantly improves heat transfer in the reactor, leading to higher average catalyst bed temperatures. As a
result, hydrogen release productivity increases by up to 50%, while by‑product formation remains comparable to the classical concept.
Furthermore, the enhanced liquid holdup reduces coke precursor accumulation at the catalyst and markedly improves catalyst stability.
KEYWORDS: LOHC, hydrogen storage, perhydro benzyl toluene, liquid holdup, product recycling reactor, multiphase reactor,
dehydrogenation
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Liquid Organic Hydrogen Carrier (LOHC) technologies enable
safe and efficient hydrogen storage under ambient conditions by
chemically binding hydrogen to an organic carrier molecule.1,2

A LOHC system comprises at least one hydrogen-lean and
one hydrogen-rich species. In the exothermic hydrogenation
step, hydrogen reacts with the hydrogen-lean molecule to form
the hydrogen-rich counterpart. Hydrogen can subsequently be
released from the hydrogen-rich molecule via endothermic
dehydrogenation. In the case of aromatic/alicyclic LOHC sys-
tems, both reactions rely on supported precious-metal catalysts.
Ideally, the hydrogen-rich and hydrogen-lean compounds
remain liquid at ambient conditions and are fully compatible
with existing fossil-fuel logistics, thereby avoiding costly and
time-consuming investments in new hydrogen infrastructure.

The overall energy efficiency of LOHC-based hydrogen stor-
age depends strongly on thermal integration between hydroge-
nation and dehydrogenation.3 In ideality, the heat released
during hydrogenation equals the heat required for hydrogen
release, enabling very high cycle efficiencies—provided that
ever, hydrogenation frequently occurs at energy-rich sites or
during renewable generation peaks, making full utilization of
this heat a challenge.
Among currently available LOHC systems, the benzyl tolu-

ene/perhydro benzyl toluene (H0-BT/H12-BT) pair stands
out due to its low vapor pressure, moderate viscosity, high den-
sity, and excellent hydrogen storage capacity of 6.2 wt % or
1.81 kWh L−1 at ambient conditions.4 Furthermore, repeated
hydrogenation and dehydrogenation can be carried out with
minimal by-product formation, with methyl fluorene (MF)
being the main byproduct.4 Continuous dehydrogenation of
H12-BT is typically conducted in fixed-bed reactors5–7 and
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requires detailed understanding of the thermodynamic equilib-
rium,8 process-dependent reaction kinetics,9,10 heat transfer,11

and reactor hydrodynamics. Dehydrogenation proceeds at tem-
peratures between 280 and 350 °C.6,7 Because hydrogen forma-
tion substantially increases the total molar flow in the reactor,
elevated pressures adversely shift the equilibrium. To achieve
near-quantitative hydrogen release, reactor pressures below
10 bar are mandatory at the typical dehydrogenation
temperatures.4,8

The operating pressure in the dehydrogenation reactor deter-
mines the vapor−liquid equilibrium (VLE) of the LOHC mix-
ture. To feed H12-BT in liquid form, the reactor pressure
must exceed its vapor pressure. As hydrogen is released, its
increasing partial pressure lowers the partial pressure of the
LOHC components (summarized as Hx-BT), thereby inducing
progressive evaporation. Reducing temperature or increasing
pressure can suppress evaporation, but both approaches nega-
tively affect reaction kinetics and equilibrium conversion.10

Therefore, temperature−pressure combinations must be chosen
that balance equilibrium limitations with the degree of Hx-BT
evaporation. Figure 1 shows the vapor pressure of H12-BT
and H0-BT. Additionally, the highest possible pressure to
achieve a degree of dehydrogenation (DoDH) of 0.9
(PEQDoDH=0.9) is shown in Figure 1. Furthermore, the lowest
pressure to suppress complete evaporation of Hx-BT at a
DoDH of 0.9 (PLiquidDoDH=0.9) is shown. This shows that com-
plete evaporation cannot be suppressed for a technically rele-
vant DoDH by adjusting process conditions.

Another factor governing evaporation is the ratio of liquid
LOHC to hydrogen. Along the reactor, the rising hydrogen
partial pressure continuously decreases the partial pressure of
Hx-BT.13 Under typical fixed-bed conditions, complete evapora-
tion of the LOHC occurs already at a DoDH below 0.4, meaning
that most of the reactor operates in the gas phase.14 Poor catalyst
wetting reduces productivity compared to liquid-phase or batch
systems, where complete condensation of Hx-BT maintains full
wetting.14–16 Alternative reactor architectures—such as coated
heat exchangers,17–19 reactive distillation,9,20,21 or membrane
reactors22,23—can mitigate these limitations but introduce sub-
stantial extra complexity and scale-up challenges.

Maintaining liquid-phase dehydrogenation offers several
advantages over gas-phase operation. First, the higher density
of liquids results in longer residence times, which enhances
hydrogen release.14 Second, the thermal conductivity of liquids
Figure 1. Dependency of H12-BT and H0-BT vapor pressure PLVH12-BT
and PLVH0-BT, the highest pressure to enable thermodynamically a DoDH
of 0.9 PEQDoDH=0.9 and the lowest pressure to suppress complete evapo-
ration for a DoDH of 0.9 PLiquidDoDH=0.9.

4,12
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exceeds that of gases by at least an order of magnitude, yielding
significantly higher heat-transfer coefficients.24 In typical H12-BT
dehydrogenation reactors, heat-transfer coefficients range
from 200 to 1500 W m−2 K−1 in liquid−gas biphasic flow,
but drop to roughly 150 W m−2 K−1 under fully gaseous con-
ditions.11,14 Third, carbonaceous by-products formed during
dehydrogenation can dissolve in hot liquid LOHC and can
be removed in this way from the catalyst surface.25,26 The for-
mation of methyl fluorene (MF) is a key indicator of coke pre-
cursor generation.27 In gas-phase operation, coke precursors
exhibit low volatility and thus accumulate on the catalyst surface
and accelerate deactivation.28–30

In this study, we evaluate the concept of internal recycling of
the hydrogen-lean, liquid LOHC fraction during H12-BT dehy-
drogenation, which has not been reported for LOHC dehydro-
genation to the best of the authors’ knowledge. Increasing the
LOHC-to-hydrogen ratio suppresses full evaporation and
improves catalyst wetting. From hydrogenation studies, it is
known that internal liquid recycling also increases heat-
transfer coefficients and accelerates heat removal from the reac-
tor.31 These effects suggest significant potential for improving
dehydrogenation performance. However, dilution of the feed with
hydrogen-lean product lowers the concentration of H12-BT
and this reduces the intrinsic reaction rate.10

The aim of this work is therefore to compare a classical once-
through dehydrogenation reactor with a reactor employing
internal product recycling, examining differences in heat
demand, heat-transfer, hydrogen release productivity, by-
product formation, and catalyst stability. The results serve to
provide guidance for the design and operation of dehydrogena-
tion reactors that use liquid-phase product recycling.

2. MATERIAL AND METHODS

2.1. Conceptual Design

Figure 2 illustrates the process flow scheme of a classical H12-BT dehy-
drogenation unit. The hydrogen-rich LOHC is stored in a feed tank
and pumped through a feed−product heat exchanger, where it is pre-
heated by the hot product flow. Typically, the feed cannot be heated
fully to reaction temperature, since complete heat recuperation would
require an infinitely large heat-exchange surface. As a consequence,
H12-BT enters the reactor slightly below the target reaction tempera-
ture and is further heated in situ by the external heat transfer medium.

After preheating, the liquid feed passes through the fixed-bed reac-
tor containing the dehydrogenation catalyst, where hydrogen is
released. The heat required for the endothermic reaction is supplied
through the reactor wall via a circulating heat-transfer medium that is
reheated in an external loop. Dehydrogenation is typically carried out
at a thermal oil temperature between 290 and 350 °C, a pressure
between 3 and 6 bar and a liquid hour space velocity of 0.3 and
2.5 h−1.6 The product flow—comprising Hx-BT and hydrogen—flows
back through the feed−product heat exchanger and is cooled by the
incoming feed. Because partial or complete evaporation of Hx-BT
increases the enthalpy of the product stream, additional cooling is typ-
ically required in a secondary air-cooled heat exchanger. After cooling
to near-ambient temperature, hydrogen and the hydrogen-lean
LOHC are separated in a gas−liquid separator. The liquid, hydrogen-
lean Hx-BT mixture is routed to a product tank, while the hydrogen
is purified, for example by adsorption, if higher purity is required for
downstream applications.32

The modifications necessary to implement the recycling concept
are highlighted in red in Figure 2. In this process configuration, the
H12-BT feed is mixed with a defined fraction of the hydrogen-lean
LOHC product flow prior to entering the preheating section. The
https://doi.org/10.1021/acssuschemeng.6c03801
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Figure 2. Flow diagram of a classical hydrogen release unit. The necessary additions to realize the recycling concept introduced in this work are high-
lighted in red in the flow diagram.
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resulting mixture is then heated in the feed−product heat exchanger
and passed to the dehydrogenation reactor. Because the concentration
of H12-BT in the mixed feed is lower, a substantially higher total vol-
umetric feed flow is required to achieve a similar hydrogen release rate
for an identical product DoDH. This increases the LOHC-to-hydrogen
ratio within the reactor and thereby suppresses full evaporation of
Hx-BT. The downstream process remains largely analogous to the
classical once-through concept, with the exception that-after gas−liquid
separation-a defined fraction of the liquid Hx-BT stream is recycled to
the reactor inlet.

2.2. Experimental Setup and Procedure

The experimental setup used to compare the classical reactor concept
with the recycling concept is based on the configuration reported by
Willer et al.,6 with minor modifications. Five type-K thermocouples
were inserted axially into the reactor to record the axial temperature
profile with high spatial resolution. The lower part of the reactor was
filled with inert glass beads to provide an additional preheating section,
ensuring that the LOHC feed entered the catalytic reaction zone at the
desired temperature. The catalyst bed extended from 420 to 770 mm
reactor height and contained 156.65 g of a commercially available
sulfur-doped Pt/Al2O3 catalyst (0.3 wt % Pt, EleMax D012, Clariant,
material number 309080).

The recycling concept was evaluated using the same setup.
Experimental simulation of internal recycling was achieved by
1227
premixing fresh H12-BT with Hx-BT from previous experiments to
adjust the feed to the desired degree of dehydrogenation (DoDH).
Gas chromatography was employed to determine the DoDH of Hx-
BT and the MF concentration using an Agilent 8890 GC equipped
with an Rxi-17Sil MS column (30 m × 250 μm).4 MF concentration
must remain below the internal threshold of 0.5 wt % to use the Hx-
BT for preparation of the feed. The resulting synthetic Hx-BT blend
was transferred to the feed tank, and the volumetric feed rate was
adjusted accordingly.

To ensure reproducible operating conditions, a strict startup, reacti-
vation, and shutdown protocol was implemented. For startup, the reac-
tor was heated to the target operating temperature using thermal oil
circulating through the reactor shell. During heating, a hydrogen flow
of 2 NL min−1 was passed through the catalyst bed at atmospheric
pressure. Once the catalyst reached the desired temperature, the reac-
tor pressure was increased to the selected operating pressure.
Subsequently, the hydrogen flow was stopped and replaced by the
LOHC feed of a predefined benchmark experiment used for monitor-
ing potential catalyst deactivation. The benchmark experiment was
conducted at a thermal-oil temperature of 320 °C, a pressure of
4 bar, and a feed flow of 50 mL min−1 for the recycling experiments
and 15 mL min−1 for the classical reference experiments. These bench-
mark experiments showed a standard deviation of less than 5% indicat-
ing good reproducibility of the experiments. Steady-state operation was
defined as the condition in which both the hydrogen release rate and
the catalyst-bed temperature remained constant for at least 15 min.
https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283
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For shutdown, the LOHC feed rate was increased to 50 mL min−1,
the thermal oil temperature was lowered to 300 °C, and the reactor
pressure was raised to 5 bar. This flushing step ensured efficient
removal of coke precursors by maintaining liquid-phase conditions
over the entire catalyst bed. After 15 min, the LOHC flow was stopped,
and the catalyst bed was dried under a hydrogen flow of 5 NL min−1 at
300 °C while gradually reducing the pressure to ambient. Following
30 min of drying, the system was allowed to cool under a hydrogen
flow of 2 NL min−1. Once the reactor temperature dropped below
50 °C, the thermal oil circulation was stopped, and the pressure was
increased to 6 bar to store the catalyst under hydrogen atmosphere.
This rigorous shutdown procedure prevented measurable catalyst deac-
tivation for the variation of the operating conditions across several
weeks of operation and enabled highly reproducible comparisons of
different process conditions.

The DoDH is an important metric to characterize the hydrogen
content of the LOHC and represents the ratio of reversibly stored
hydrogen that has been released to the maximum amount of reversibly
storable hydrogen. Equation 1 can be used to estimate the DoDH.

DoDH =
nH2;released
nH2;max

=
nH6−BT

2 + nH0−BT

nH0−BT + nH6−BT + nH12−BT
(1)

The degree of hydrogenation (DoH) is complementary to the
DoDH and is defined as the amount of reversibly stored hydrogen to
the maximum amount of storable hydrogen. The DoH is linked to
the DoDH according to eq 2.

DoH = 1−DoDH (2)

The productivity, defined by eq 3, was used as the primary perfor-
mance metric to evaluate dehydrogenation performance.

P=
ṁH2;released

mprecious metal
(3)

The mass flow of the released hydrogen (ṁH2, released) was deter-
mined using a mass flow meter and to the amount of precious metal
of the used catalyst (mprecious metal) was determined by the used catalyst
mass and by the Pt content of the catalyst given by the manufacturer.

3. RESULTS AND DISCUSSION

3.1. Introduction of Important Parameters

The nomenclature of all relevant flows is provided in Figure 2.
The DoDH of the mixed flow entering the reactor (DoDHmix)
can be estimated based on a mass balance and is influenced by
the DoDH of the feed (DoDHFeed) and by the DoDH of the
recycling flow (DoDHrecycling), which equals the DoDH of the
product flow (DoDHProduct) as no hydrogen is released after
splitting between product and recycling flow. Accordingly,
DoDHmix is determined by the ratio of feed to recycling flow
and the corresponding DoDH of each flows as described by
eq 4.

DoDHmix =
ṅFeed ∙DoDHFeed + ṅRecycle∙DoDHProduct

ṅFeed + ṅRecycle
(4)

The recycling ratio (RR) is introduced as molar ratio of
recycled and fed flow rate. Consequently, steady-state operation
is only achieved when the RR and the change in DoDH across
the reactor (ΔDoDH) are fully consistent with one another.
Physically, this means that the amount of hydrogen released
per reactor pass must exactly match the degree of dilution
1227
introduced by the recycled hydrogen-lean LOHC stream.
Therefore, not every arbitrary combination of RR and
ΔDoDH represents a feasible steady-state operating point.
The recycling ratio RR can be expressed as a function of
DoDHFeed, DoDHProduct, and the resulting DoDHmix, as shown
in eq 5.

RR=
ṅRecycle
ṅFeed

=
DoDHmix −DoDHFeed

DoDHProduct −DoDHmix
=

DoDHmix −DoDH
ΔDoDH

(5)

In this study, a RR between 2 and 16 has been investigated
experimentally.
Another key parameter is the evaporation ratio (ER), which

defines the fraction of the LOHC feed that evaporates within
the reactor. The extent of Hx-BT evaporation can be estimated
using the simplified vapor−liquid equilibrium (VLE, eq 6) and
by extending the methodology introduced by Kadar et al.
(eqs 7 and 8).14 Equation 9 illustrates that the ER is dependent
on temperature, pressure, and ΔDoDH.

xi∙P
LV
0;i = yi∙P (6)

PLV0;Hx−BT =
ṅevap;Hx−BT

ṅevap;Hx−BT + ṅ2
∙P (7)

ṅ2 = 6∙ṅmix;Hx−BT ∙ΔDoDH (8)

ER=
ṅevap;Hx−BT

ṅmix;Hx−BT
=

PLVo;Hx−BT

P ∙6∙ΔDoDH

1− PLVo;Hx−BT

P

(9)

Here, P0, Hx − BT
LV denotes the temperature-dependent

vapor pressure of Hx-BT, and P represents the total system
pressure.

3.2. Enthalpy Balance

To compare the heat demand for H12-BT dehydrogenation
in the recycling concept with the classical once-through oper-
ation, the enthalpy flows of both configurations were evalu-
ated. A hydrogen release rate of 4.17 g s−1 was selected,
corresponding to an energy output of 500 kW based on the
lower heating value of the released hydrogen. The product
flow was assumed to reach a DoDH of 0.85. An isothermal
catalyst temperature of 320 °C and an operating pressure of
5 bar were chosen for both setups. Three major heat con-
sumers were considered in the enthalpy balance: the reaction
enthalpy, the evaporation enthalpy, and the sensible heat
required to raise the LOHC feed from its preheated state to
reaction temperature. A feed temperature of 310 °C after
the feed−product heat exchanger was assumed, which is a
realistic characteristic temperature difference for a technical
heat exchanger. All relevant thermophysical parameters are
summarized in Table 1.
https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283
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Table 1. Parameters for Estimating the Heat Demand of
H12-BT Dehydrogenation Using the Classical Once-
Through Operation vs Operation Using the Recycling
Concepta

parameter H12-BT H0-BT reference

Δg,lHm/kJ mol
−1 42.0 45.0 33

PLV0/bar 2.6 2.2 12
cp/J g

−1 K−1 2.7 2.2 34

aAll parameters are given at 320 °C. Whereas Δg,lHm is the evaporation
enthalpy at 320 °C, PLV0 is the vapor pressure at 320 °C and cp the
specific heat capacity at 320 °C.
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The heat demand for the dehydrogenation reaction depends
solely on the amount of hydrogen released and can be esti-
mated using the reaction enthalpy reported by Müller et al.34

For the selected hydrogen flow rate, the reaction heat demand
is 139.4 kW for both reactor concepts.

The enthalpy required for LOHC evaporation depends on
the fraction of Hx-BT that evaporates inside the reactor. In
the classical once-through configuration, the H12-BT feed cor-
responds to 0.41 mol s−1, and under the chosen process condi-
tions, complete evaporation of Hx-BT occurs.14 Since a
detailed reactor model would be needed to resolve the evolving
composition of the vapor phase, an approximate split of
50% H12-BT and 50% H0-BT in the evaporated fraction was
assumed. The resulting heat demand for evaporation is
17.8 kW.

For the recycling concept, a target ΔDoDH of 0.1 was
selected, resulting in a mixed Hx-BT feed of 3.47 mol s−1 and
an evaporation ratio (ER) of 0.47. Because the mixed feed con-
tains a higher proportion of hydrogen-lean LOHC, it was
assumed that 25% of the evaporated LOHC corresponds to
H12-BT and 75% to H0-BT. Under these conditions, the evap-
oration enthalpy increases significantly to 72.2 kW.

The third heat contribution considered is the sensible heat
required to raise the LOHC feed from the outlet temperature
of the feed−product heat exchanger (310 °C) to the reaction
temperature (320 °C). In the classical once-through concept,
the much smaller feed flow results in a heat demand of only
2.1 kW. In contrast, the considerably larger feed flow in the
recycling concept increases this requirement to 14.6 kW. This
value represents a conservative upper estimate, since the prod-
uct stream leaving the reactor is partially in the liquid phase.
Incorporating an additional gas−liquid separator operating at
reaction temperature would allow recycling of the hot liquid
LOHC directly back to the reactor inlet. Given an ER of 0.47
for the selected case, such a measure could reduce the sensible
Table 2. Comparison of the Heat Demand between the
Classical Once-Through Operation and the Recycling
Concept to Release 4.17 g s−1 of Hydrogena

once-through operation recycling

heat consumer kW kW kW−1
H2 kW kW kW−1

H2

reaction 139.4 0.279 139.4 0.279
evaporation 17.8 0.036 72.2 0.144
feed preheating 2.1 0.004 14.6 0.029
total heat demand 159.3 0.319 226.2 0.452

aA constant catalyst temperature of 320 °C and a pressure of 5 bar are
assumed for the estimations in both cases.

1227
heat demand by approximately 53%. The heat demands of both
concepts are compared in Table 2.
The resulting overall energetic efficiency is 0.681 for the clas-

sical once-through configuration and 0.548 for the recycling
concept. For the classical reactor, this efficiency remains nearly
independent on process conditions. In the recycling concept,
however, the efficiency can be improved through the choice of
operating parameters and the recycling ratio. Nevertheless,
the energetic efficiency of the recycling concept is inherently
lower, meaning that this alternative operation concept must
outperform the classical configuration in other performance
indicators—such as power density or catalyst stability—to com-
pensate for the higher heat demand. Furthermore, reduced effi-
ciency may be less critical if external high-temperature waste
heat sources, such as the waste heat of a solid oxide fuel cells
or of a hydrogen combustion engines, are available to supply
part of the required heat demand.35,36

3.3. Heat Transfer

Dehydrogenation is a strongly endothermic reaction. Efficient
heat transfer into the catalyst bed is therefore essential for
achieving high hydrogen release rates. In fixed-bed dehydroge-
nation reactors, the heat transfer coefficient is typically highest
at the reactor inlet and decreases axially until a plateau is
reached.11,14 This decline is directly linked to the reduction in
liquid holdup along the reactor. In the recycling concept, the
increased liquid holdup resulting from suppressed Hx-BT evap-
oration is expected to enhance the heat transfer coefficient and
thereby increase the average catalyst temperature. To verify this
hypothesis, the axial temperature profiles of the classical once-
through reactor and the recycling reactor were experimentally
measured at comparable hydrogen release rates (≈0.8 L min−1)
ensuring that the heat demand of the chemical reaction remained
similar. The resulting axial temperature distributions are shown
in Figure 3.
The first half of the reactor (0−420 mm) contains inert

glass beads and serves as a preheating zone. Towards the
end of this section, the temperature in both reactor configura-
tions approaches the thermal-oil temperature, confirming
comparable inlet temperatures to the catalytic section. The
minor temperature drop observed between 120 and 280 mm
Figure 3. Comparison of the axial temperature profile in a dehydroge-
nation reactor for the classical once-through operation and the opera-
tion with liquid recycling. The gray area indicates the catalytically
inactive part of the reactor (Tthermal oil = 320 °C, p = 4 bara, 0.3 wt %
Pt/Al2O3, mcatalyst = 156.65 g, V̇H2 released = 0.8 L min−1; classical:
ṁFeed = 2 g min−1, DoDHfeed = 0.02; recycling: ṁmix = 21 g min−1,
DoDHmix = 0.80).

https://doi.org/10.1021/acssuschemeng.6c03801
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in the classical reactor may be attributed to back-mixing
phenomena.

At the entrance to the catalyst bed, the classical configuration
exhibits a pronounced temperature drop caused by the simulta-
neous heat consumption of the endothermic reaction and
significant Hx-BT evaporation. The lowest catalyst-bed temper-
ature occurs directly at the catalyst-bed inlet, where the temper-
ature difference between thermal oil and catalyst bed reaches
approximately 13 K. Further up in the reactor, the catalyst tem-
perature gradually rises again as reaction rates decline, and evap-
oration becomes less significant. The large temperature
difference between the heat-transfer medium and catalyst bed
clearly indicates a heat-transfer limitation under classical
operation.

In contrast, the recycling concept shows only a slight temper-
ature decrease at the catalyst-bed entrance. As anticipated, the
average catalyst temperature is markedly higher, with a maxi-
mum temperature difference between thermal oil and catalyst
bed of only 5 K. Since both concepts release nearly the same
amount of hydrogen, the reaction-related heat demand is com-
parable. Moreover, despite the suppression of complete evapo-
ration, the evaporation enthalpy demand is higher in the
recycling reactor (Section 3.2). Therefore, the higher catalyst
temperatures observed in the recycling concept demonstrate
that heat transfer must be significantly intensified. This
enhancement is attributed to the substantially increased liquid
holdup resulting from the higher LOHC-to-hydrogen ratio in
the reactor. The smoother axial temperature gradient further
suggests a more uniform axial hydrogen-release profile.
Figure 4. Productivity and catalyst temperature depending on DoDH in the
320 °C, p = 4 bara, 0.3 wt % Pt/Al2O3, mcatalyst = 156.65 g, DoDHfeed,classical =
c,d: Tthermal oil = 340 °C, p = 4 bara, 0.3 wt % Pt/Al2O3, mcatalyst = 156.65 g, D
25−100 mL min−1).
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2
2
2

Overall, the recycling concept clearly improves heat transfer,
as evidenced by the higher average catalyst temperature. Since
higher temperatures promote dehydrogenation kinetics, this
enhancement is expected to positively affect the volumetric
reactor productivity, which is evaluated in the next step.

3.4. Productivity

For a fair comparison of the productivity of the two reactor con-
cepts, operating conditions with identical product DoDH,
thermal-oil temperature, and pressure were selected, since pro-
ductivity is strongly influenced by these parameters.10 A con-
stant thermal-oil temperature was used instead of a constant
catalyst temperature, because in technical operation only the
former can be directly controlled, while the catalyst temperature
results from the prevailing heat-transfer conditions inside the
reactor.
In the first step, the feed volume flow was varied for a differ-

ent DoDHmix. In this parameter study, compliance with the RR
was not enforced. Consequently, some operating points would
not be feasible in a real steady-state recycling reactor, as the
resulting product DoDH would differ from that dictated by
the RR. However, evaluating a wide range of feed flow rates
allows identification of steady-state-compatible operating win-
dows for given process conditions. The corresponding produc-
tivity comparison between the two reactor concepts is shown in
Figure 4 for thermal oil temperatures between 320 and 340 °C
at a reaction pressure of 4 bar.
Productivity decreases with a higher product DoDH but

increases with higher thermal-oil temperature. For all investi-
gated conditions, productivity in the recycling concept exceeds
classical once-through and in the recycling reactor (a, b: Tthermal oil =
0.02, V̇Feed, classical = 2−20 mL min−1, V̇mix, recycling = 25−100 mL min−1;
oDHfeed,classical = 0.02, V̇Feed, classical = 2.5−25 mL min−1, V̇mix, recycling =

https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283
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that of the classical once-through reactor, despite the higher
average DoDH within the reactor volume due to product recy-
cling. Thus, the increased liquid holdup and the enhanced heat-
transfer resulting from the suppression of complete evaporation
clearly overcompensates the kinetic disadvantage of operating at
a lower average H12-BT concentration.

For a product DoDH of 0.80 at a thermal-oil temperature of
340 °C, a productivity of 0.44 gH2 min

−1 gPt
−1 is extrapolated

from the experimental data obtained in the classical once-
through reactor. Under the corresponding steady-state condition
in the recycling concept (using a mixed-feed DoDH of 0.65), a
productivity of 0.69 gH2 min−1 gPt

−1 is obtained. This experiment
complies with the RR constraint and would be possible in real
steady-state operation. The 50% increase in productivity indicates
that reactor volume— and thus catalyst mass— could be reduced
by approximately 33% when applying the recycling configuration,
which is directly related to a corresponding increase in the power
density of the respective hydrogen-release unit.

Notably, the productivity enhancement at a thermal oil tem-
perature of 320 °C is comparable. Moreover, the productivity
ratio between recycling and classical concept remains nearly
constant when targeting a product DoDH of 0.92 at 340 °C
with a mixed-feed DoDH of 0.80, demonstrating that the bene-
ficial effect of internal recycling on productivity is robust across
a broad range of operating conditions.

3.5. By-Product Formation

Since the LOHC carrier material must remain stable over many
hydrogenation−dehydrogenation cycles, low by-product forma-
tion is essential. The formation of coke precursors is particularly
relevant in this context as these compounds alter the physico-
chemical properties of the LOHC material and promote catalyst
deactivation.26 In the recycling concept, each LOHC molecule
passes the catalyst bed multiple times, resulting in a higher
effective residence time of the material on the catalyst surface.
This could, in principle, increase the formation of undesired
by-products. MF side products are known to represent reliable
indicators of coke precursor formation26 therefore, Figure 5
compares the MF concentrations in the product flow of the
classical once-through and the recycling reactor operation.
Note that the fresh H12-BT feed is free of MF, whereas the pre-
mixed LOHC feed used in the recycling experiments already
contains small amounts of MF originating from previous
Figure 5. Comparison of methyl fluorene formation between classical once-thro
content of the product flow. The red symbols give the difference betweenMF co
0.3 wt% Pt/Al2O3,mcatalyst= 156.65 g, DoDHfeed,classical= 0.02, V̇ Feed, classical= 2
p = 4 bara, 0.3 wt % Pt/Al2O3, mcatalyst = 156.65 g, DoDHfeed,classical = 0.02, V̇

1227
experiments. Such accumulation would also occur in a real recy-
cling reactor and can therefore be considered representative for
practical operation.
MF formation strongly depends on the DoDH of the product

flow. At low DoDHproduct, MF is scarcely detectable, while its
concentration increases sharply at a DoDH above 0.7. MF forms
via deep dehydrogenation of H0-BT, meaning that a sufficiently
high H0-BT concentration is required for its formation.37 MF
formation appears largely independent on reaction temperature
as a function of the catalyst material and DoDHproduct.
Given that the concentration of H0-BT is higher in the recy-

cling concept, an increased MF formation could be expected.
However, no significant increase inMF concentration is observed.
The slightly elevated MF levels at 340 °C in the DoDHproduct
range of 0.6−0.8 are likely due to accumulated MF in the pre-
mixed feed rather than due to enhanced in-situ formation. At a
high DoDHproduct, MF formation is even lower in the recycling
concept. We explain this initially unexpected behavior by the fact
that, under the conditions applied, the classical once-through
reactor operates with completely evaporated Hx-BT at DoDHs
above 0.2, and most of the hydrogen is released from evaporated
H12-BT or H6-BT species. Under these conditions, the aro-
matic H0-BT product exhibits a significantly stronger adsorption
on the catalyst surface38 than all hydrogenated or partially
hydrogenated LOHC compounds in the reaction mixture.
Thus, in pure gas-phase operation, desorption and removal of
H0-BT are slow, promoting the formation of the deep dehydro-
genation product MF and subsequently coke formation.
In contrast, the recycling concept suppresses full Hx-BT

evaporation, ensuring that part of the LOHC remains in the liquid
phase. The presence of liquid Hx-BT facilitates the removal of
strongly adsorbed H0-BT from the catalyst surface by solvation
in the surrounding liquid phase providing essentially an intrinsic
“hot wash” procedure for continuous catalyst cleaning.28 This
enhanced removal of H0-BT appears to compensate for its higher
concentration in the reactor, resulting inMF levels comparable to,
or even lower than, those observed in the classical concept.

3.6. Catalyst Stability

Finally, the stability of the catalyst was evaluated. For both reac-
tor concepts, the operating conditions were adjusted to achieve
a comparable DoDHproduct of approximately 0.75. This DoDH has
been chosen to ensure relevant byproduct formation as the
ugh and recycling reactor operation. The black symbols give the total MF
ntent of the feed and the product flow. (a: Tthermal oil= 320 °C, p= 4 bara,
−20mLmin−1, V̇mix, recycling= 25−100mLmin−1; b:Tthermal oil= 340 °C,
Feed, classical = 2.5−25 mL min−1, V̇mix, recycling = 25−100 mL min−1).

https://doi.org/10.1021/acssuschemeng.6c03801
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Figure 6. Comparison of the catalyst stability over 6 h operation time
in classical once-through operation and in operation using the recycling
reactor concept (Tthermal oil = 340 °C, p = 4 bara, 0.3 wt % Pt/Al2O3,
mcatalyst = 156.65 g, classical: V̇ Feed = 5 mL min−1, DoDHfeed = 0.02;
recycling: V̇ mix = 50 mL min−1, DoDHmix = 0.65).

Table 3. Comparison of the OPEX between the Classical
Once-Through Operation and the Recycling Concept

once-through
operation$ a−1 recycling$ a−1

electricity costs for pumping 38 325
costs for heat supply 153,358 216,362
catalyst costs 3318 2085
catalyst regeneration costs 119,490 25,020
total OPEX 276,204 243,792
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byproducts are potential coking precursors. Figure 6 shows the
temporal evolution of the released hydrogen flow for both
configurations.

In the recycling concept, the hydrogen flow decreases
only slightly during the first three hours TOS, from 3.5 to
3.4 NL min−1 A linear fit yields a deactivation slope of
−45 10−3 NL min−1 h−1. Thereafter, the hydrogen flow remains
nearly constant over the subsequent three hours, as indicated by a
substantially lower slope of −9 10−3 NL min−1 h−1 between
3 and 6 h TOS. In contrast, the hydrogen flow in the classical
once-through concept declines from 2.4 to 2.3 NL min−1

during the first three hours, corresponding to a slope of
−32 10−3 NL min−1 h−1. The hydrogen flow continues to
decrease in the following three hours (3−6 h TOS), exhibiting
a similar slope of −27 10−3 NL min−1 h−1. The pronounced
reduction in the deactivation rate observed in the recycling con-
cept between 3 and 6 h TOS, in contrast to the nearly constant
deactivation rate in the classical reactor, indicates enhanced cata-
lyst stability. This behavior is attributed to the continuous intrin-
sic hot washing of the catalyst enabled by the presence of liquid
LOHC under recycling reactor operating conditions.

Catalyst deactivation in LOHC dehydrogenation is typically
attributed to coking caused by the accumulation of coke precur-
sors on the catalyst surface.26 As discussed in Section 3.5, the
higher liquid holdup in the recycling concept facilitates more
effective removal of strongly adsorbed heavy species such as
H0-BT or MF from the catalyst surface. This enhanced hot
wash suppresses the accumulation of coke precursors and
thereby reduces coke formation. Consequently, the increased
liquid-phase hold-up in the recycling reactor contributes
directly to the superior catalyst stability observed.

3.7. Preliminary Technoeconomic Analysis

The results presented above reveal a fundamental trade-off between
the classical once-through reactor and the recycling reactor concept,
which extends beyond purely technical performance and directly
impacts dehydrogenation costs. To assess these implications, a pre-
liminary and qualitative economic analysis was conducted. The
objective is not to provide an absolute cost evaluation, but rather
to elucidate the relative economic differences between both reactor
concepts based on the process scenario introduced in Section 3.2.

Dehydrogenation costs are defined as the sum of capital
expenditure (CAPEX) and operating expenditure (OPEX).
1228
Based on the study of Lim et al., approximately 30% of total
costs are attributed to CAPEX and 70% to OPEX, highlighting
the dominant role of OPEX on dehydrogenation costs.7

From a CAPEX perspective, the recycling concept benefits
from a significantly higher productivity, enabling a reduction
in reactor size. However, this advantage is partially offset by
increased requirements for peripheral equipment (e.g., pumps,
piping, heat exchangers, and gas−liquid separators) due to the
substantially higher LOHC circulation rate. Consequently,
CAPEX is assumed to be comparable for both concepts.
OPEX comprises costs associated with heat supply, electricity

demand, catalyst consumption, catalyst regeneration, and fixed
operational costs. The latter are assumed to be identical for
both configurations, as they scale with CAPEX.
The difference in electricity demand between both reactor

concepts is primarily determined by the required feed flow. In
the classical reactor concept, a feed flow of 69 mL s−1 must
be compressed from 1 to 5 bar, resulting in a pumping power
of 40 W (η = 0.7). Assuming 8000 operating hours per year, this
corresponds to an annual electricity demand of 319 kWh and
costs of 38 $ a−1 assuming electricity costs of 0.12 $ kWh−1.7

In contrast, the recycling concept requires a significantly higher
feed flow rate of 590 mL s−1, increasing the electricity demand
to 2700 kWh and resulting in costs of 325 $ a−1.
The heat demand, as discussed in Section 3.2, represents the

dominant contribution to OPEX. For the purpose of compara-
bility, heat is assumed to be supplied via electricity, representing
a conservative, worst-case scenario. The classical reactor con-
cept requires 159.3 kW, corresponding to an annual electricity
demand of 1.28 106 kWh and heating costs of 153,358 $ a−1. The
recycling concept exhibits a higher heat demand of 226.2 kW,
resulting in 1.81 106 kWh and costs of 216,362 $ a−1. It should
be noted that the availability of low-cost or waste heat would
significantly reduce this cost contribution and alter the relative
importance of heat demand.
Catalyst-related costs were estimated based on the productiv-

ity values shown in Figure 4. For the classical reactor concept, a
productivity of 0.377 gH2 min−1 gPt

−1results in a catalyst
demand of 221.2 kg, corresponding to annualized costs of
3318 $ (assuming 300 $ kg−1 catalyst costs and a lifetime of
20 years7). The higher productivity of the recycling concept
(0.600 gH2 min−1 gPt

−1) reduces the catalyst demand to
139 kg and annual costs to 2085 $.
Catalyst regeneration costs are strongly influenced by deactiva-

tion behavior. Based on the findings of Lim et al., three regenera-
tion cycles per year are assumed for the classical reactor concept
for a similar deactivation behavior as reported in Figure 6.7 This
results in regeneration costs of 119,490 $ a−1 assuming catalyst
regeneration costs of 180 $ kg−1.7 In contrast, the recycling con-
cept exhibits a substantially reduced deactivation rate (∼33% of
https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283
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the classical case), allowing for a reduction to a single regeneration
cycle per year and corresponding costs of 25,020 $ a−1.

A summary of the OPEX contributions is provided in
Table 3. Overall, the recycling concept achieves an approximately
10% reduction in operating costs despite its higher heat demand.
This improvement is primarily driven by enhanced catalyst pro-
ductivity and stability, which outweigh the penalty associated
with increased heat demand.

Green hydrogen represents a central building block for the
defossilization of the energy system. However, its large-scale
implementation remains limited by the high costs associated
with production, storage, and distribution. Within LOHC-
based systems, the dehydrogenation step constitutes a key cost
driver. Consequently, the reduction of dehydrogenation costs
represents a critical lever for enabling industrial implementation
of LOHC technology. Thus, reductions in dehydrogenation
costs decrease the cost of hydrogen release and thereby
strengthen the competitiveness of LOHC technology as a stor-
age and distribution pathway for renewable hydrogen. This
facilitates the substitution of fossil-based energy carriers and
contributes to the reduction of CO2 emissions.

The data from the results section of this publication are also
available via Zenodo.39

4. CONCLUSIONS

In this study, a new reactor concept for the dehydrogenation of
H12-BT was developed and evaluated. Under technically rele-
vant operating conditions, Hx-BT evaporates rapidly in a classi-
cal fixed-bed reactor, resulting in predominantly gas-phase
dehydrogenation despite feeding H12-BT as a liquid. In con-
trast, multiphase dehydrogenation of H12-BT offers several
advantages, including improved heat transfer, enhanced catalyst
stability, and higher catalytic activity. Although lowering reac-
tion temperature or increasing pressure can suppress Hx-BT
evaporation, both strategies negatively impact the thermody-
namics and kinetics of the dehydrogenation reaction. To over-
come these limitations, we developed a concept of internal
LOHC recycling to increase the ratio of LOHC to hydrogen
and the liquid hold-up in the dehydrogenation reactor and
thereby suppress complete evaporation of Hx-BT.

This new recycling concept for hydrogen release from
LOHC systems was first evaluated in terms of energetic effi-
ciency. Due to the higher total amount of LOHC that evapo-
rates, the energetic efficiency of the recycling concept is
inherently lower than that of the classical once-through opera-
tion. An enthalpy balance for a dehydrogenation reactor shows
an approximately 40% increase in heat demand for the recycling
concept, which can, however, be reduced to some extent by
adjusting the operating parameters. Subsequently, heat transfer
within the catalyst bed was compared between the two con-
cepts, revealing a clear intensification of heat transfer in the
recycling reactor. As a direct result of improved heat transfer
and increased liquid holdup, the recycling concept achieved a
productivity enhancement of up to 50%, while maintaining sim-
ilarly low by-product formation. Finally, a clear improvement in
catalyst stability was demonstrated due to the more efficient
removal of coke precursors under conditions that ensure suffi-
cient liquid hold-up.

Overall, the combination of intensified heat transfer,
increased productivity, and enhanced catalyst stability shows
that internal LOHC recycling provides a simple yet highly
1228
effective strategy to increase the power density and operational
robustness of dehydrogenation units for LOHC-based hydro-
gen storage systems. A preliminary economic evaluation
revealed a 10% reduction of OPEX for the recycling concept.
The new recycle reactor dehydrogenation concept is expected
to be of particular interest for application cases, in which waste
heat from the energetic use of the released hydrogen is available
at sufficient quantity and temperature level (e.g., from the ener-
getic use of the released hydrogen in an SOFC system), as in
such scenarios OPEX can be decreased even more by the recy-
cling concept. We furthermore anticipate that our findings are
of general interest beyond the topic of chemical energy storage
using the LOHC concept. Similar trade-offs of heating
demands, and intensified heat provision may also be relevant
in other technical applications where endothermal reactions
are conducted in multiphase reactors, such as e.g. in some liquid
phase reforming reactions.
■ AUTHOR INFORMATION
Corresponding Author

Michael Geißelbrecht – Forschungszentrum Jülich, Helmholtz-
Institute Erlangen-Nürnberg for Renewable Energy (IEK 11),
Cauerstraße 1, Erlangen 91058, Germany;
Email: m.geisselbrecht@fz-juelich.de

Authors
Luca Lami – Forschungszentrum Jülich, Helmholtz-Institute
Erlangen-Nürnberg for Renewable Energy (IEK 11),
Cauerstraße 1, Erlangen 91058, Germany

Benjamin Baier – Forschungszentrum Jülich, Helmholtz-
Institute Erlangen-Nürnberg for Renewable Energy (IEK 11),
Cauerstraße 1, Erlangen 91058, Germany; Lehrstuhl für
Chemische Reaktionstechnik, Friedrich-Alexander-Universität
Erlangen-Nürnberg, Egerlandstr. 3, Erlangen 91058, Germany

Patrick Schühle – Lehrstuhl für Chemische Reaktionstechnik,
Friedrich-Alexander-Universität Erlangen-Nürnberg,
Egerlandstr. 3, Erlangen 91058, Germany; orcid.org/
0000-0002-6867-1017

Peter Wasserscheid – Forschungszentrum Jülich, Helmholtz-
Institute Erlangen-Nürnberg for Renewable Energy (IEK 11),
Cauerstraße 1, Erlangen 91058, Germany; Lehrstuhl für
Chemische Reaktionstechnik, Friedrich-Alexander-Universität
Erlangen-Nürnberg, Egerlandstr. 3, Erlangen 91058,
Germany; Institute for a Sustainable Hydrogen Economy,
Forschungszentrum Jülich, Am Brainergy Park 4, Jülich
52428, Germany

Complete contact information is available at:
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c03801
Notes
During the preparation of this work the authors used ChatGPT
in order to edit the language. After using this tool/service, the
authors reviewed and edited the content as needed and take full
responsibility for the content of the published article.
The authors declare the following competing financial interest(s):
PW is co-founder and minority shareholder of Hydrogenious
LOHC Technologies GmbH, Erlangen, a company that has com-
mercialized equipment for hydrogen storage using the LOHC
technology. There is no conflict of interest to declare with regard
to the specific scientific results reported in this paper.
https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283

1

https://orcid.org/0000-0002-6867-1017
https://orcid.org/0000-0002-6867-1017
https://orcid.org/0000-0002-6867-1017
https://orcid.org/0000-0002-6867-1017
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c03801
http://pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c03801


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

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:

■ ACKNOWLEDGMENTS
The authors acknowledge financial support by the Bavarian
Ministry of Economic Affairs, Regional Development and
Energy through the project “Emissionsfreier und stark emissions-
reduzierter Bahnverkehr auf nicht-elektrifizierten Strecken”. In
addition, the authors gratefully acknowledge support by the
Werner Siemens Foundation in the frame of the WSS Research
Centre catalaix. Furthermore, this work was funded by the
European Union as part of the project Ship-aH2oy (Grant num-
ber: 101056723). Views and opinions expressed are however
those of the authors only and do not necessarily reflect those of
the European Union or CINEA. Neither the European Union
nor the granting authority can be held responsible for them.
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
s
c
e
c
g
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
/
2
7
/
1
2
2
7
3
/
6
5
2
2
2
5
8
9
/
s
c
-
2
0
2
6
-
0
3
8
0
1
9
.
p
d
f
 
b
y
 
F
O
R
S
C
H
U
N
G
Z
E
N
T
R
U
M
 
J
U
E
L
I
C
H
 
u
s
e
r
 
o
n
 
1
1
 
A
u
g
u
s
t
 
2
0
2
6

■ REFERENCES
(1) Aakko-Saksa, P. T.; Cook, C.; Kiviaho, J.; Repo, T. Liquid organic

hydrogen carriers for transportation and storing of renewable
energy−Review and discussion. J. Power Sources 2018, 396, 803−823.
(2) Preuster, P.; Papp, C.; Wasserscheid, P. Liquid organic hydrogen

carriers (LOHCs): Toward a hydrogen-free hydrogen economy. Acc.
Chem. Res. 2017, 50 (1), 74−85.
(3) Müller, K.; Thiele, S.; Wasserscheid, P. Evaluations of concepts for

the integration of fuel cells in liquid organic hydrogen carrier systems.
Energy Fuels 2019, 33 (10), 10324−10330.
(4) Rüde, T.; Dürr, S.; Preuster, P.; Wolf, M.; Wasserscheid, P.

Benzyltoluene/perhydro benzyltoluene−pushing the performance
limits of pure hydrocarbon liquid organic hydrogen carrier (LOHC)
systems. Sustainable Energy Fuels 2022, 6 (6), 1541−1553.
(5) Wu, C.; Xu, M.; Song, F.; Ma, B.; Li, F.; Shi, C.; Huang, Z.-F.; Gao,

R.; Zhang, X.; Pan, L. Catalytic dehydrogenation of perhydro-
monobenzyltoluene over Pt/Al2O3 for continuous hydrogen release.
Int. J. Hydrogen Energy 2025, 116, 402−409.
(6) Willer, M.; Preuster, P.; Geißelbrecht, M.; Wasserscheid, P.

Continuous dehydrogenation of perhydro benzyltoluene and perhydro
dibenzyltoluene in a packed bed vertical tubular reactor−the role of
LOHC evaporation. Int. J. Hydrog. Energy 2024, 57, 1513−1523.
(7) Lim, I. S.; Jeong, Y.; Kwak, Y.; On, E.-R.; Dao, Q. N.; Jeong, H.;

Sohn, H.; Nam, S. W.; Lim, T.-H.; Müller, K.; Kim, Y. Maximizing clean
hydrogen release from perhydro-benzyltoluene: Energy-efficient scale-
up strategies and techno-economic analyses. Chem. Eng. J. 2023, 478,
No. 147296.
(8) Bong, B.; Kopp, W. A.; Nevolianis, T.; Mebrahtu, C.; Leonhard,

K.; Palkovits, R. Reaction Equilibria in the Hydrogen Loading and
Release of the LOHC System Benzyltoluene/Perhydro Benzyltoluene.
Chem. Eng. Technol. 2025, 48 (3), No. e12002.
(9) Wang, Q.; Le, K.; Lin, Y.; Yin, W.; Lin, Y.; Alekseeva, M. V.;

Yakovlev, V. A.; Koskin, A. P.; Yang, C.; Qiu, T. Investigation on cata-
lytic distillation dehydrogenation of perhydro-benzyltoluene: Reaction
kinetics, modeling and process analysis. Chem. Eng. J. 2024, 482,
No. 148591.
(10) Mader, T.; Blasius, M.; Rüde, T.; Geißelbrecht, M.;

Wasserscheid, P. Development of a kinetic approach for the liquid
phase dehydrogenation of perhydro benzyltoluene. Fuel 2026, 406,
No. 136928.
(11) Willer, M.; Preuster, P.; Malgaretti, P.; Harting, J.; Wasserscheid,

P. Heat transfer to a catalytic multiphase dehydrogenation reactor. Int. J.
Hydrogen Energy 2024, 80, 1011−1020.
(12) Jorschick, H.; Geißelbrecht, M.; Eßl, M.; Preuster, P.; Bösmann,

A.; Wasserscheid, P. Benzyltoluene/dibenzyltoluene-based mixtures as
suitable liquid organic hydrogen carrier systems for low temperature
applications. Int. J. Hydrog. Energy 2020, 45 (29), 14897−14906.
(13) Geißelbrecht, M.; Benker, R.; Seidel, A.; Preuster, P. Modeling of

the Continuous Dehydrogenation of Perhydro-Dibenzyltoluene in a
Cuboid Reactor. Energy Technol. 2024, 12 (4), No. 2300813.
1228
(14) Kadar, J.; Gackstatter, F.; Ortner, F.; Wagner, L.; Willer, M.;
Preuster, P.; Wasserscheid, P.; Geißelbrecht, M. Boosting power density
of hydrogen release from LOHC systems by an inverted fixed-bed reac-
tor design. Int. J. Hydrogen Energy 2024, 59, 1376−1387.
(15) Jo, Y.; Kim, T. W.; Oh, J.; Kim, D.; Suh, Y.-W. Mesoporous

sulfur-decorated Pt−Al2O3 for dehydrogenation of perhydro benzylto-
luenes: Activity-favorable adsorption of reaction species onto
electron-deficient Pt atoms. J. Catal. 2022, 413, 127−137.
(16) Auer, F.; Solymosi, T.; Erhardt, C.; Collados, C. C.; Thommes,

M.; Wasserscheid, P. Enhancing the power density of hydrogen release
from LOHC systems by high Pt loadings on hierarchical alumina sup-
port structures. Int. J. Hydrogen Energy 2025, 100, 1282−1290.
(17) Nathrath, P.; Baier, B.; Herz, N.; Wituschek, S.; Ramzi, Y. R.;

Merklein, M.; Li, M.; Lederle, F.; Wasserscheid, P.; Hübner, E. G.;
Schühle, P. Hydrogen release from liquid organic hydrogen carrier
using plate catalysts in continuous and dynamic operation. Chem. Eng.
J. 2025, 506, No. 159878.
(18) Nathrath, P.; Raed Ramzi, Y.; Bierling, M.; Thiele, S.;

Wasserscheid, P.; Schühle, P. Highly durable spray-coated plate catalyst
for the dehydrogenation of perhydro benzyltoluene. Catal. Sci. Technol.
2024, 14 (4), 980−989.
(19) Ellert, A.; Schmacks, M.; Braun, M. J.; Piccirilli, L.; Janssens,

T. V.; Wasserscheid, P.; Schühle, P. Continuous Dehydrogenation of
Perhydro Benzyltoluene in a Catalytic Finned Tube Reactor. Ind. Eng.
Chem. Res. 2025, 64 (7), 3714−3727.
(20) Geißelbrecht, M.; Mrusek, S.; Müller, K.; Preuster, P.; Bösmann,

A.; Wasserscheid, P. Highly efficient, low-temperature hydrogen release
from perhydro-benzyltoluene using reactive distillation. Energy Environ.
Sci. 2020, 13 (9), 3119−3128.
(21) Rüde, T.; Lu, Y.; Anschütz, L.; Blasius, M.; Wolf, M.; Preuster, P.;

Wasserscheid, P.; Geißelbrecht, M. Performance of continuous hydro-
gen production from perhydro benzyltoluene by catalytic distillation
and heat integration concepts with a fuel cell. Energy Technol. 2023,
11 (3), No. 2201366.
(22) Wunsch, A.; Berg, T.; Pfeifer, P. Hydrogen Production from the

LOHC Perhydro-Dibenzyl-Toluene and Purification Using a 5 μm
PdAg-Membrane in a Coupled Microstructured System. Materials
2020, 13 (2), No. 277.
(23) Wunsch, A.; Mohr, M.; Pfeifer, P. Intensified LOHC-

dehydrogenation using multi-stage microstructures and Pd-based mem-
branes. Membranes 2018, 8 (4), No. 112.
(24) Stephan, P. B2 Grundlagen der Berechnungsmethoden für

Wärmeleitung, konvektiven Wärmeübergang und Wärmestrahlung. In
VDI-Wärmeatlas: Fachlicher Träger VDI-Gesellschaft Verfahrenstechnik
und Chemieingenieurwesen; Springer, 2021, 23−36.
(25) Auer, F.; Blaumeiser, D.; Bauer, T.; Bösmann, A.; Szesni, N.;

Libuda, J.; Wasserscheid, P. Boosting the activity of hydrogen release
from liquid organic hydrogen carrier systems by sulfur-additives to Pt
on alumina catalysts. Cat. Sci. Technol. 2019, 9 (13), 3537−3547.
(26) Henseler, J.; Schärfe, T.; Steffen, J.; Görling, A.; Geißelbrecht,

M.; Wasserscheid, P. Detailed analysis of coke precursor formation in
catalytic perhydro benzyltoluene dehydrogenation processes. Fuel
2025, 398, No. 135500.
(27) Ellert, A.; Herold, F.; Rønning, M.; Hutzler, A.; Piccirilli, L.;

Janssens, T. V. W.; Vennestrøm, P. N. R.; Wasserscheid, P.; Schühle, P.
Phosphorus-modification of Pt/Al2O3 catalysts improves dispersion and
cycloalkane dehydrogenation activity. J. Catal. 2024, 436, No. 115607.
(28) Guisnet, M.; Magnoux, P. Organic chemistry of coke formation.

Appl. Catal., A 2001, 212 (1–2), 83−96.
(29) Chai, M. R.; Kawakami, K. Kinetic model and simulation for cat-

alyst deactivation during dehydrogenation of methylcyclohexane over
commercial Pt-, PtRe-and presulfided PtRe-Al2O3 catalysts. J. Chem.
Technol. Biotechnol. 1991, 51 (3), 335−345.
(30) Alhumaidan, F.; Tsakiris, D.; Cresswell, D.; Garforth, A.

Hydrogen storage in liquid organic hydride: Selectivity of MCH dehy-
drogenation over monometallic and bimetallic Pt catalysts. Int. J.
Hydrogen Energy 2013, 38 (32), 14010−14026.
https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283

2

https://doi.org/10.1016/j.jpowsour.2018.04.011
https://doi.org/10.1016/j.jpowsour.2018.04.011
https://doi.org/10.1016/j.jpowsour.2018.04.011
https://doi.org/10.1021/acs.accounts.6b00474
https://doi.org/10.1021/acs.accounts.6b00474
https://doi.org/10.1021/acs.energyfuels.9b01939
https://doi.org/10.1021/acs.energyfuels.9b01939
https://doi.org/10.1039/D1SE01767E
https://doi.org/10.1039/D1SE01767E
https://doi.org/10.1039/D1SE01767E
https://doi.org/10.1016/j.ijhydene.2025.03.147
https://doi.org/10.1016/j.ijhydene.2025.03.147
https://doi.org/10.1016/j.ijhydene.2024.01.031
https://doi.org/10.1016/j.ijhydene.2024.01.031
https://doi.org/10.1016/j.ijhydene.2024.01.031
https://doi.org/10.1016/j.cej.2023.147296
https://doi.org/10.1016/j.cej.2023.147296
https://doi.org/10.1016/j.cej.2023.147296
https://doi.org/10.1002/ceat.12002
https://doi.org/10.1002/ceat.12002
https://doi.org/10.1016/j.cej.2024.148591
https://doi.org/10.1016/j.cej.2024.148591
https://doi.org/10.1016/j.cej.2024.148591
https://doi.org/10.1016/j.fuel.2025.136928
https://doi.org/10.1016/j.fuel.2025.136928
https://doi.org/10.1016/j.ijhydene.2024.07.073
https://doi.org/10.1016/j.ijhydene.2020.03.210
https://doi.org/10.1016/j.ijhydene.2020.03.210
https://doi.org/10.1016/j.ijhydene.2020.03.210
https://doi.org/10.1002/ente.202300813
https://doi.org/10.1002/ente.202300813
https://doi.org/10.1002/ente.202300813
https://doi.org/10.1016/j.ijhydene.2024.02.096
https://doi.org/10.1016/j.ijhydene.2024.02.096
https://doi.org/10.1016/j.ijhydene.2024.02.096
https://doi.org/10.1016/j.jcat.2022.06.025
https://doi.org/10.1016/j.jcat.2022.06.025
https://doi.org/10.1016/j.jcat.2022.06.025
https://doi.org/10.1016/j.jcat.2022.06.025
https://doi.org/10.1016/j.jcat.2022.06.025
https://doi.org/10.1016/j.jcat.2022.06.025
https://doi.org/10.1016/j.ijhydene.2024.12.155
https://doi.org/10.1016/j.ijhydene.2024.12.155
https://doi.org/10.1016/j.ijhydene.2024.12.155
https://doi.org/10.1016/j.cej.2025.159878
https://doi.org/10.1016/j.cej.2025.159878
https://doi.org/10.1039/d3cy01158e
https://doi.org/10.1039/d3cy01158e
https://doi.org/10.1021/acs.iecr.4c04254
https://doi.org/10.1021/acs.iecr.4c04254
https://doi.org/10.1039/d0ee01155j
https://doi.org/10.1039/d0ee01155j
https://doi.org/10.1002/ente.202201366
https://doi.org/10.1002/ente.202201366
https://doi.org/10.1002/ente.202201366
https://doi.org/10.3390/ma13020277
https://doi.org/10.3390/ma13020277
https://doi.org/10.3390/ma13020277
https://doi.org/10.3390/membranes8040112
https://doi.org/10.3390/membranes8040112
https://doi.org/10.3390/membranes8040112
https://doi.org/10.1007/978-3-662-52989-8_�4
https://doi.org/10.1007/978-3-662-52989-8_�4
https://doi.org/10.1039/c9cy00817a
https://doi.org/10.1039/c9cy00817a
https://doi.org/10.1039/c9cy00817a
https://doi.org/10.1016/j.fuel.2025.135500
https://doi.org/10.1016/j.fuel.2025.135500
https://doi.org/10.1016/j.jcat.2024.115607
https://doi.org/10.1016/j.jcat.2024.115607
https://doi.org/10.1016/s0926-860x(00)00845-0
https://doi.org/10.1002/jctb.280510306
https://doi.org/10.1002/jctb.280510306
https://doi.org/10.1002/jctb.280510306
https://doi.org/10.1002/jctb.280510306
https://doi.org/10.1002/jctb.280510306
https://doi.org/10.1016/j.ijhydene.2013.08.067
https://doi.org/10.1016/j.ijhydene.2013.08.067
http://pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c03801


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

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
s
c
e
c
g
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
/
2
7
/
1
2
2
7
3
/
6
5
2
2
2
5
8
9
/
s
c
-
2
0
2
6

(31) Geiling, J.; Wagner, L.; Auer, F.; Ortner, F.; Nuss, A.; Seyfried, R.;
Stammberger, F.; Steinberger, M.; Boesmann, A.; Oechsner, R.;
Wasserscheid, P.; Graichen, K.; März, M.; Preuster, P. Operational
experience with a liquid organic hydrogen carrier (LOHC) system for
bidirectional storage of electrical energy over 725 h. J. Energy Storage
2023, 72, No. 108478.
(32) Zilm, A.; Ortner, F.; Gackstatter, F.; Koeberlein, S.; Kadar, J.;

Geisselbrecht, M.; Boesmann, A.; Wasserscheid, P. Impurities in hydro-
gen released from perhydro benzyltoluene-Assessment and adsorptive
removal. Int. J. Hydrogen Energy 2025, 101, 469−481.
(33) Verevkin, S. P.; Vostrikov, S. V.; Leinweber, A.; Wasserscheid, P.;

Müller, K. Thermochemical properties of benzyltoluenes and their
hydro-and perhydro-derivatives as key components of a liquid organic
hydrogen carrier system. Fuel 2023, 335, No. 126618.
(34) Müller, K.; Stark, K.; Emel’yanenko, V. N.; Varfolomeev, M. A.;

Zaitsau, D. H.; Shoifet, E.; Schick, C.; Verevkin, S. P.; Arlt, W. Liquid
organic hydrogen carriers: thermophysical and thermochemical studies
of benzyl-and dibenzyl-toluene derivatives. Ind. Eng. Chem. Res. 2015,
54 (32), 7967−7976.
(35) Pappler, S.; Mader, T.; Blasius, M.; Gräser, T.; Rüde, T.;

Geißelbrecht, M.; Seitz, A.; Wahl, S.; Wasserscheid, P. Recovery of solid
oxide fuel cell waste heat for hydrogen release from liquid organic
hydrogen carriers. Int. J. Hydrogen Energy 2025, 156, No. 150245.
(36) Biswas, S.; Moreno Sader, K.; Green, W. H. Perspective on dec-

arbonizing long-haul trucks using onboard dehydrogenation of liquid
organic hydrogen carriers. Energy Fuel 2023, 37 (22), 17003−17012.
(37) Alconada, K.; Mariño, F.; Agirre, I.; Barrio, V. L. Exploring

Perhydro-Benzyltoluene Dehydrogenation Using Sulfur-Doped
PtMo/Al2O3 Catalysts. Catalysts 2025, 15 (5), No. 485.
(38) Mahayni, Y.; Maurer, L.; Auer, F.; Hutzler, A.; Wasserscheid, P.;

Wolf, M. Structure sensitivity of the low-temperature dehydrogenation
of perhydro dibenzyltoluene on supported platinum nanoparticles.
Catal. Sci. Technol. 2024, 14 (18), 5464−5473.
(39) Geißelbrecht, M.; Lami, L.; Baier, B.; Schühle, P.; Wasserscheid,

P. dataset for Pushing hydrogen release from perhydro benzyl toluene
through internal product recycling in the dehydrogenation reactor.
2025.
https://doi.org/10.1021/acssuschemeng.6c03801
ACS Sustain. Chem. Eng. 2026, 14, 12273−12283

12283

-
0
3
8
0
1
9
.
p
d
f
 
b
y
 
F
O
R
S
C
H
U
N
G
Z
E
N
T
R
U
M
 
J
U
E
L
I
C
H
 
u
s
e
r
 
o
n
 
1
1
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1016/j.est.2023.108478
https://doi.org/10.1016/j.est.2023.108478
https://doi.org/10.1016/j.est.2023.108478
https://doi.org/10.1016/j.ijhydene.2024.12.204
https://doi.org/10.1016/j.ijhydene.2024.12.204
https://doi.org/10.1016/j.ijhydene.2024.12.204
https://doi.org/10.1016/j.fuel.2022.126618
https://doi.org/10.1016/j.fuel.2022.126618
https://doi.org/10.1016/j.fuel.2022.126618
https://doi.org/10.1021/acs.iecr.5b01840
https://doi.org/10.1021/acs.iecr.5b01840
https://doi.org/10.1021/acs.iecr.5b01840
https://doi.org/10.1016/j.ijhydene.2025.150245
https://doi.org/10.1016/j.ijhydene.2025.150245
https://doi.org/10.1016/j.ijhydene.2025.150245
https://doi.org/10.1021/acs.energyfuels.3c01919
https://doi.org/10.1021/acs.energyfuels.3c01919
https://doi.org/10.1021/acs.energyfuels.3c01919
https://doi.org/10.3390/catal15050485
https://doi.org/10.3390/catal15050485
https://doi.org/10.3390/catal15050485
https://doi.org/10.3390/catal15050485
https://doi.org/10.3390/catal15050485
https://doi.org/10.1039/d4cy00032c
https://doi.org/10.1039/d4cy00032c
https://doi.org/10.5281/zenodo.17723441
https://doi.org/10.5281/zenodo.17723441
http://pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c03801

