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A B S T R A C T

The liquid organic hydrogen carrier (LOHC) technology enables hydrogen (H2) storage and transport using the 
existing infrastructure for liquid fuels. The core of the technology is the reversible catalytic hydrogenation and 
dehydrogenation of hydrogen-lean and hydrogen-rich LOHC components. The LOHC system benzyltoluene (H0- 
BT)/perhydro benzyltoluene (H12-BT) has found special interest due to its wide liquid range, high thermal 
robustness and excellent technical availability. The hydrogenation of H0-BT is a multiphase reaction that in
cludes a solid catalyst, liquid H0-BT and gaseous hydrogen. For the technical implementation of such a reaction a 
trickle-bed reactor (TBR) is the typical choice. However, the design and modelling of such a TBR is complex as it 
requires a deep understanding of the hydrodynamics and mass transfer characteristics in the system. Therefore, 
empirical data are required to develop suitable models for the design of TBR, which have so far been missing in 
the literature. This is the aim of this study that first elucidated that initial flooding of the catalyst bed is crucial to 
establish the catalytic activity of the hydrogenation reactor in a reproducible manner. Furthermore, the in
fluences of temperature, process pressure (pprocess), H0-BT concentration and residence time on the hydroge
nation activity have been established. The influence of hydrogen partial pressure (pH2) on the observable 
hydrogenation rate has been found surprisingly low, which is due to mass transfer limitations in the reactor. 
Based on this finding, optimization strategies are proposed and evaluated.

1. Introduction

Green hydrogen will play a key role in the future defossilization of 
the energy system. Green hydrogen is produced by electrolysis (EC) 
using renewable electricity. Established technologies include proton 
exchange membrane and alkaline water EC, while solid oxide EC is still 
an R&D product and only available in smaller scales [1,2]. For many 
green hydrogen applications (for an overview see Ref. [3]), the gas is 
needed at higher pressures. Therefore, commercial ECs operate at 
elevated product pressures to save additional energy consumption for 
compression. An operating pressure of up to 30 bar is frequently found in 
commercial products. Even higher hydrogen pressures would reduce the 
energetic efficiency of EC systems and would increase cross-diffusion 
and material stability challenges [2,4,5].

Because elemental hydrogen gas has only a very low volumetric 

energy storage density (3 Wh L− 1), technical measures are needed to 
enable effective hydrogen handling. Physical storage methods like 
compression or liquefaction are technically well established, but these 
techniques come with several drawbacks like the need for a new infra
structure, still low storage densities, the energy demand for the 
compression/liquefaction steps, and losses through venting or boil-off 
[6].

Some of these challenges can be solved by using chemical hydrogen 
storage technologies, with ammonia [7,8], methanol [9–12] and 
dimethyl ether [13–15] being intensively discussed. All these hydrogen 
derivatives have in common that they provide relatively high volumetric 
and gravimetric hydrogen storage densities and moderate reaction en
thalpies for hydrogen loading and release. They are, however, also 
characterized by the fact that the storage cycle is closed via the atmo
sphere (nitrogen or carbon dioxide extracted and released to the 
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atmosphere), that the loading reactions require very high hydrogen 
pressures and even then, the reactions are equilibrium limited. More
over, during hydrogen release, gas mixtures are formed and require 
further separation steps to produce pure hydrogen.

Hydrogen storage in LOHC systems, in contrast, shows somewhat 
complementary characteristics. Here a pair of hydrogen-lean and 
hydrogen-rich liquids is used that undergoes reversible, catalytic hy
drogenation and dehydrogenation to realize hydrogen storage cycles 
avoiding any involvement of the atmosphere [6,16,17]. The hydrogen 
storage capacities of LOHC systems are moderate, typically 4–7 wt% 
hydrogen or 800–2200 Wh L− 1 based on the lower heating value (LHV) 
of the reversibly stored hydrogen. The reaction enthalpies for pure hy
drocarbon LOHC systems are between 63 and 72 kJ mol− 1

H2 [18], 
although very recently an oxygen-containing LOHC system, γ-butyr
olactone/1,4-butandiol, has attracted great interest due to its much 
lower hydrogenation/dehydrogenation enthalpy of only 42 kJ mol− 1

H2 
[19,20]. For pure hydrocarbon-based LOHC with their high reaction 
enthalpies the advantage is that they can bind hydrogen at relatively low 
pressures, an advantage that saves compression efforts and enables the 
use of hydrogen-rich gas mixtures for the LOHC loading step [21]. Most 
important, however, is the fact that hydrogen release from LOHC sys
tems provides almost pure hydrogen after condensation of the LOHC 
vapor with purities of approximately 99.95 % without any further gas 
purification step [22]. The LOHC concept targets the highest possible 
infrastructure compatibility with the existing fuel distribution system. 
This is why current research directions in the field focus on pure hy
drocarbon or oxygen-containing systems that are well-known in the fuel 
sector.

In this study, we focus on the LOHC system benzyltoluene (H0-BT)/ 
perhydro benzyltoluene (H12-BT) that was first described in 2014 by 
Brückner et al. [23]. H0-BT is a multi-thousand-tons-per-year industrial 
product sold so far mainly for applications in the heat transfer sector. 
Compared to the related dibenzyltoluene-based LOHC system 
(H0-DBT/H18-DBT), H0-BT/H12-BT benefits from its lower viscosity, 
accelerated reaction rates, and reduced side-product formation during 
the dehydrogenation reaction [21,24,25].

Both hydrogenation and dehydrogenation of H0-BT and H12-BT are 
equilibrium-limited reactions. The hydrogenation step, which is the 
focus of this paper, is thermodynamically favored by low temperatures 
and high hydrogen partial pressures [21], although in all technical 
scenarios the operator will aim to work at the highest possible temper
ature that enables full LOHC loading to benefit from faster reaction rates 
and the possibility to extract the reaction heat at the highest possible 
temperature that represents the highest possible technical value.

So far, the literature dealing with H0-BT hydrogenation has mainly 
centered on catalyst development studies using batch experiments in 
stirred autoclaves. The study by Jorschick et al., for example, examined 
various metals (platinum (Pt), palladium (Pd), ruthenium (Ru), rhodium 
(Rh)) for their activity in H0-BT hydrogenation [25–27]. Jeong et al. 
demonstrated that nickel (Ni) supported on mesoporous SiO2–Al2O3 
represents a suitable catalyst system for H0-BT [28]. Alconada et al. [29] 
highlighted that bimetallic Pt–Ni catalysts show enhanced hydrogena
tion activity due to synergistic effects of both metals. In addition, the 
effect of sulfur as a catalyst dopant has been studied by Bong et al. for the 
specific case of H0-BT hydrogenation with a S–Pt on TiO2 catalyst [30]. 
Other studies have focused on the role of process parameters on hy
drogenation kinetics. For both H0-BT hydrogenation [31] and the 
related H0-DBT hydrogenation a strong positive effect of higher 
hydrogen pressures on hydrogenation rates was reported in batch ex
periments [32,33]. Leinweber et al. reported that a higher degree of 
alkyl substitution at the aromatic ring slows hydrogenation rates down 
[34]. Furthermore, the hydrogenation kinetics for the para isomer were 
found to be the fastest compared to the ortho or meta analogues [35]. 
The stability of a Pt-based hydrogenation catalyst was also confirmed in 
repetitive hydrogenation/dehydrogenation cycles over four cycles and 
90 h of operation time with very low levels of catalyst deactivation [21].

For implementation of the BT-based LOHC technology, the hydro
genation of H0-BT must be performed under continuous operation 
conditions. Due to the three-phase nature of the reaction a TBR is an 
obvious choice. TBRs can be operated in two different modes: i) open- 
end, where both gaseous and liquid product streams are discharged; 
ii) dead-end mode, where only the liquid stream is discharged. 
Depending on the gas and liquid flow rates, different flow regimes 
(trickle-, spray-, pulsed- and bubble flow) can be established, which 
affect the hydrodynamics. Notable challenges include the uneven dis
tribution of liquid, which can result in partial catalyst wetting, reducing 
overall activity. It is noteworthy that laboratory systems predominantly 
operate in the trickle flow regime, while industrial TBRs often operate in 
the trickle-to-pulse transition regime. In a TBR the gaseous reactant is 
predominantly dissolved into the liquid phase prior to reaction at the 
solid surface. The flow regime also influences the heat transfer. As TBRs 
are often used for highly exothermic reactions, such as hydrogenation, 
low heat transfer coefficients result in the formation of hot spots 
reducing catalyst stability and selectivity. In extreme cases, a thermal 
runaway can occur [36–39].

The literature on the hydrogenation of LOHC compounds in contin
uous reactors is scarce till to date. In their study, Prieto et al. [40] 
examined the continuous hydrogenation of H0-DBT by comparing the 
use of slurry reactors and TBRs. They concluded from their model-based 
approach that H0-DBT hydrogenation in a TBR is predominantly limited 
by the gas-liquid mass transfer. However, they did not verify their results 
experimentally. Geiling et al. [41] treated the hydrogenation of H0-DBT 
as part of their investigations into their so-called OneReactor studies 
where the same reactor and a Pt/Al2O3 catalyst is used for both LOHC 
hydrogenation and dehydrogenation. The primary focus of these authors 
was on the integration of an electrolyzer with fluctuating power input. 
Their study recommends realizing the hydrogenation with an internal 
LOHC recycling to dilute the feed stream and to increase the overall 
LOHC flow rate. This results in better liquid distribution in the catalyst 
bed and enhanced heat transfer. As a result, the risk of hot spot forma
tion is strongly reduced. These findings are well aligned with a later 
study by Held et al. [42] reporting experimental investigations of the 
hydrogenation of viscous aromatics in a TBR utilizing a similar eggshell 
catalyst. These researchers concluded that the hydrogenation reaction 
was significantly constrained by internal (pore) diffusion of H2 and that 
the use of high liquid flow rates helped to minimize limitations by 
external mass transfer. More generally, one can conclude from the few 
existing studies on the continuous hydrogenation of bi- or tricyclic ar
omatic LOHC compounds in TBRs that the performance of these 
gas-liquid-solid systems is influenced by a high number of parameters, 
which impedes their model-based scale-up. The situation is further 
complicated by the fact that the amount and quality of the available 
experimental data to fit or verify such models are clearly insufficient.

In this contribution, we study the continuous hydrogenation of H0- 
BT in a TBR in dead-end mode. First, we propose a start-up strategy 
that assures reproducible hydrogenation experiments over extended 
periods. Then we develop experimental protocols for an optimized 
power density of the hydrogenation reactor. For this optimized opera
tion mode, the dependency of the reactor performance on pressure, 
temperature, and feed concentration is studied. In particular, we aim to 
explore experimentally the lowest level of hydrogen (process) pressure 
that still enables complete charging of our H0-BT LOHC material.

2. Experimental

2.1. Pretreatment of LOHC material

As previously stated, the LOHC system H0-BT/H12-BT was chosen 
for our investigations. H0-BT (Marlotherm® LH Heat Transfer Fluid, 
Batch S220441949) was supplied as a commercial isomeric mixture by 
Solutia Europe BV, a subsidiary of Eastman Chemical Company. It is 
noteworthy that H0-BT may contain a residual chlorine content, 
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attributable to its synthesis route [43,44]. Henseler et al. [45] reported 
that the chlorine component is present as chlorinated H0-BT, which can 
reduce catalytic activity. In order to avoid such catalyst deactivation, 
H0-BT was initially purified by the following chlorine removal step: 5 L 
of H0-BT were placed in a double-walled glass reactor heated with 
thermal oil (MAGIO MS-BC4/JULABO GmbH). The hydrogenation 
catalyst (EleMax H101, 0.2 wt% Pt, 0.6 wt% Pd/Al2O3, d = 1.8 mm, 
Batch DER0015258/Clariant), which was later also applied in our 
continuous hydrogenation, was used here as a dechlorination catalyst. A 
total of 75 g of the catalyst were immobilized in a basket within the 
reactor. Under constant agitation, 0.5 LN min− 1 of H2 (Air Liquid, quality 
5.0) was bubbled through the H0-BT at a temperature of 170 ◦C for a 
duration of 5 h to ensure complete chlorine removal. A simplified flow 
scheme of the applied purification unit is provided in the electronic 
supplementary information (ESI). The remaining chlorine content was 
determined analogously to that described by Henseler et al. [45]. Our 
measurements confirmed the complete removal of all chlorine com
pounds to below our detection limit (0.14 mgchlorine L− 1). Additionally, 
other potential impurities such as water, low boilers, or permanent gases 
were removed by this treatment. Due to the low hydrogen partial 
pressure during the purification step, only negligible hydrogenation was 
observed and the degree of hydrogenation (DoH) of the purified H0-BT 
remained in all cases below 0.5 %.

2.2. Continuous hydrogenation unit

The TBR applied in this study is operated in dead-end mode. This 
means that the reactor has no gaseous outlet stream and all H2 entering 
the reactor is consumed by the hydrogenation reaction. The desired 
process pressure is maintained by continuously supplying hydrogen via 
the pressure regulator, whereby any additionally supplied hydrogen is 
directly consumed by the reaction. The configuration of our hydroge
nation unit can be structured in three sections: i) feed supply; ii) reaction 
zone; iii) product discharge. The simplified flow scheme is depicted in 
Fig. 1. The liquid H0-BT is stored in a tank (T-01) together with a mo
lecular sieve for water removal. The precise dosing of H0-BT is measured 
by a mass flow controller (MFC-01, CORI-FLOW/Bronkhorst), which in 
turn controls a pump (P-01, WADose LITE/flusys). The supply of H2 (Air 
Liquid, quality 5.0) to the reactor is facilitated by a pressure regulator 

(PR-02), which also enables the adjustment of the desired process 
pressure (PIR-01, BD|Sensors GmbH). Furthermore, the consumption of 
H2 can be measured using a volumetric flow meter (MFM-01, EL-FLOW/ 
Bronkhorst) with an accuracy of ±0.5 % of the reading value plus ± 0.1 
% of the full measuring range. Both feed streams are preheated before 
being fed into the reactor. This is accomplished through the imple
mentation of an insulated preheating section, which is heated using a 
heating band (TIC-01, Horst GmbH). The preheated reactants are 
introduced centrally into the double-walled tubular reactor (di = 26.5 
mm, ltube = 692 mm). An inert layer of glass spheres is employed to 
establish a uniform flow profile and a reproducible entry temperature 
into the reaction zone. A fine stainless-steel net is positioned on top of 
the glass layer to ensure the even distribution of liquid H0-BT. The 
system is equipped with a thermal oil (Marlotherm® SH Heat Transfer 
Fluid) in the outer shell to manage the catalyst temperature. This oil is 
heated by a thermostat (H-01, HT60-M2-C.U./JULABO GmbH) that 
circulates countercurrently through the shell of the tubular reactor. The 
axial temperature distribution within the reactor can be measured via 
nine evenly distributed thermocouples along the reactor axis. At three 
positions it is possible to measure the radial temperature profile via 
radially arranged thermocouples. The reaction zone (lreaction zone = 550 
mm) consists of a mixture of catalyst (EleMax H101, Clariant, 0.2 wt% 
Pt, 0.6 wt% Pd/Al2O3, d = 1.8 mm, Batch DER0015258) and glass 
spheres (SiLibeads®, d = 2.4 mm/Sigmund Linder) to limit the tem
perature gradient in the catalyst bed. It is noteworthy that the dilution of 
the catalyst results in a volume fraction of active components that is 
approximately 35 vol%. The homogeneity of the mixed packing was 
assessed visually in a transparent test tube prior to reactor filling and 
was found to be sufficiently uniform, although minor local variations in 
catalyst and diluent distribution cannot be excluded. The product is 
discharged via a buffering tank (T-02), which level is controlled by level 
sensors (LIC-xx, SONOCONTROL 15/SONOTEC). The level of the 
product in the buffer tank is continuously measured, thereby regulating 
the filling level of the buffer tank by allowing product flow into the 
product tank (T-03) via a pneumatic valve (PV-01) after a certain filling 
level has been reached. A valve (NV-04) can be utilized to close the 
reactor outlet for the initial flooding of the reaction zone. Additionally, 
liquid samples can be obtained via a T-piece located at the bottom of the 
reactor.

Fig. 1. Simplified flow scheme (left); sketch of the reactor with detailed information about the positions of the thermocouples (right).
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To test the influence of start-up conditions and pre-wetting of the 
catalyst on the performance of the reactor, three distinct start-up pro
cedures have been developed. The reactor is started from a standby 
operation point at ambient temperature and a H2 pressure of 20 bar in all 
experiments. i) The standby start-up procedure is defined by heating 
the reactor to the desired temperature and starting the H0-BT feed when 
the desired reaction temperature is reached; ii) the wetted reactor 1 
start-up procedure is defined by an initial flooding of the reactor with 
liquid H0-BT. After complete wetting of the catalyst bed, the liquid H0- 
BT is drained with remaining H0-BT wetting the catalyst during the 
heating phase in the presence of the H2 pressure from the stand-by 
conditions. After reaching the desired reaction temperature, H0-BT 
feeding starts. The process conditions in the start-up phase are chosen 
according to the desired process conditions; iii) the wetted reactor 2 
start-up procedure is identical to the wetted reactor 1 strategy but with 
the difference that the first process conditions after start-up are always 
identical to our reference conditions for the H0-BT hydrogenation 
(pprocess = 20 bar; Tthermostate = 180 ◦C; ṁLOHC = 2.7 g min− 1).

According to our definition, steady state of a desired operating point 
is reached if temperature and hydrogen consumption in the reactor do 
not significantly change for 30 min. Liquid samples are obtained from 
the product discharge and their DoH is analyzed. This criterion was 
established based on preliminary experiments covering all applied 
liquid mass flow rates, which confirmed that no systematic changes in 
DoH or H2 consumption occur upon extended operation beyond this 
equilibration period.

2.3. Semi-batch hydrogenation

Semi-batch hydrogenation experiments have been conducted to 
investigate the influence of hydrogen partial pressure (pH2) on the hy
drogenation activity at fully wetted conditions in a batch autoclave 
(Model 4575A/Parr Instruments). The setup has already been described 
in the literature and the minor differences in our procedure compared to 
the literature [21,46] are described in the following. A simplified flow 
diagram is shown in the ESI. The stirred autoclave has a volume of 0.5 L. 
Contrary to the experiments described in literature, pellet catalysts 
(EleMax H101, Clariant, 0.2 wt% Pt, 0.6 wt% Pd/Al2O3, d = 1.8 mm, 
Batch DER0015258) were utilized in this study. Pellet catalysts were 
intentionally used to preserve the catalyst morphology applied in the 
trickle-bed reactor experiments and to enable a direct comparison of 
pressure effects under fully wetted conditions. The catalyst was immo
bilized in a catalyst basket attached to the stirrer shaft to prevent me
chanical degradation or fragmentation of the pellets during high-speed 
stirring. For all experiments, the ratio of catalyst to reactant was kept 
constant (mH0-BT = 186 g, nPt,Pd: nH0-BT = 1:2500). Our investigation 
studies a range of pH2 between 5 and 30 bar using a constant reaction 
temperature T = 200 ◦C. The pprocess value equals the sum of the target 
hydrogen partial pressure and the vapor pressure of the reactant at a 
given temperature [47]. Reaction progress is analyzed by extracting of 
liquid samples from the reaction vessel at predetermined time points (0; 
5; 10; 20; 30; 60; 90; 150; 225; 300 min). The start of the reaction is 
defined as the point at which the process temperature is reached, and the 
stirring rate equals 1200 rpm.

2.4. Analytics and calculations

The DoH is defined as the ratio of the stored amount of H2 to the 
maximum storable amount of H2. In the hydrogenation of any LOHC 
compound, the DoH gives information about the actual progress of the 
reaction. The DoH of a liquid sample can be determined using gas 
chromatography (GC; Agilent 8890 GC; column: Rxi-17Sil MS, l = 30 m, 
d = 250 μm) with a coupled flame ionization detector (FID) [34]. The 
DoH can be calculated based on the determined peak areas according to 
Equation (1). For pure hydrocarbon LOHC systems, a response factor of 
unity is assumed for all isomers, as the FID response is proportional to 

the carbon number and aliphatic and aromatic carbon atoms exhibit 
comparable response factors [48]. 

DoH=
AH12− BT + 0.5⋅AH6− BT

AH12− BT + AH6− BT + AH0− BT
⋅100% (1) 

The ΔDoH realized in a reaction that starts from a feed with a given 
initial DoH is calculated as the difference between the measured DoH 
and the feed DoH (Equation (2)). 

ΔDoH=DoHproduct − DoHfeed (2) 

The H2 productivity of the hydrogenation reaction ProdH2 in the TBR 
is defined as the ratio of H2 mass flow rate into the reactor to the 
precious metal mass contained in the reactor, which means that ProdH2 
equals the H2 consumption rate normalized to the precious metal con
tent of the catalyst. This metric enables the comparison of different 
reactor sizes and configurations. ProdH2 is calculated according to 
Equation (3). 

ProdH2 =
ṁH2

mcat⋅ωPt + mcat ⋅ωPd
(3) 

ProdH2 values are typically dependent on the process conditions and 
the reactant concentration and should only be compared for similar 
absolute DoH values and similar ΔDoH values. For batch experiments, 
ProdH2 is calculated in a DoH range between 20 and 50 %, where H2 
consumption is approximately linear (Equation (4)) [30,46,49]. Com
parison values that have not been measured are interpolated linearly 
between the results of measured samples. 

ProdH2,20− 50% =
mH2,max⋅0.3

(mcat ⋅ωPt + mcat⋅ωPd)⋅(t50% − t20%)
(4) 

3. Results and discussion

Based on the applied liquid mass flows and according to established 
correlations [39], the operation of our dead-end TBR in this study is 
always in the trickle-flow regime (loadliquid, max = 172 ⋅ 10− 3 kg m− 2s− 1, 
loadgaseous, max = 2.8 ⋅ 10− 3 kg m− 2s− 1). Furthermore, we assume that a 
gas velocity gradient is present along the reactor axis: At the bottom of 
the reactor, only liquid is withdrawn. As a consequence, the gas velocity 
is expected to approach zero towards the reactor outlet.

3.1. Influence of different start-up strategies on hydrogenation activity 
and reproducibility

First, the influence of different start-up strategies on the reactor 
performance was studied. These start-up strategies differ by the degree 
of initial catalyst bed flooding at the start of the hydrogenation experi
ment. It is known from cold flow experiments in the literature [50,51] 
that differences in bed wetting influence the performance of TBRs. This 
is why we expected a dependence of the reactor performance on the 
start-up procedure.

To examine reproducibility, the mass flow rate was varied using the 
standby procedure and the wetted reactor 1 procedure in different 
orders over three experimental days (first day: 2.7 → 0.7 → 5.5 g min− 1; 
second day: 0.7 → 5.5 → 2.7 g min− 1; third day: 5.5 → 2.7 → 0.7 g 
min− 1). In Fig. 2 the results are summarized with respect to averaged 
achieved DoH and average reactor temperature in the catalyst bed. In 
this instance, the error bars (standard deviation (SD)) are indicative of 
the reproducibility of the individual experimental points when the mass 
flow is varied over the course of a day.

The reported values represent averages of three experiments con
ducted over three experimental days, and the error bars correspond to 
the SD.

For both start-up strategies, the expected decrease in the DoH with 
increasing mass flow rates was observed. This is due to the decreasing 
residence time in the catalyst bed with increasing H0-BT flow rate. 
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Furthermore, the flooded setup consistently achieved a higher hydro
genation activity compared to the non-flooded setup. Comparing the 
average catalyst bed temperature reveals that higher temperatures are 
linked to increasing mass flow rates. This higher average catalyst tem
perature results from a higher total amount of hydrogen being bound to 
the H0-BT LOHC compound and, thus, to a higher heat production by 
the exothermic reaction. It is evident that the heat generated cannot be 
efficiently dissipated due to the characteristically low heat transfer co
efficients in TBRs. This leads to significantly higher bed temperatures 
compared to the thermal oil temperature of the applied thermostat.

We explain the observed higher catalytic activity of the wetted 
reactor 1 procedure compared to the standby procedure in the 
following manner: During H0-BT hydrogenation in the TBR, H2 repre
sents the continuous phase while Hx-BT (mixture of H0-, H6- and H12- 
BT with undefined DoH) flows as rivulets driven by gravity through the 
catalyst bed. Without prior bed flooding, the liquid flows preferentially 
along the paths of least resistance, such as along the reactor walls, 
resulting in poor catalyst utilization and uneven wetting. Previous 
flooding of the catalyst bed ensures that the entire bed is completely 
wetted. After draining the liquid, a thin liquid film remains on the 
catalyst surfaces. As a consequence, the liquid distribution is signifi
cantly more uniform when feeding H0-BT to the reactor because wetting 
barriers have already been overcome. Consequently, a larger active 
catalyst surface area is available, leading to increased reaction rates. 
Furthermore, it can be assumed that the improved liquid distribution 
results in overall thinner liquid films, providing a larger interfacial area 
for hydrogen dissolution and shorter diffusion paths, thereby further 
enhancing mass transfer efficiency.

From these experiments, it can be concluded that changes in the 
catalyst bed wetting have an impact on the reproducibility of individual 
experiments. However, reproducibility is limited for both start-up stra
tegies. To address this issue, we have developed the wetted reactor 2 
start-up procedure to improve reproducibility in one set of experiments 
investigating the influence of one process parameter on productivity. As 
can be seen from Table 1, the wetted reactor 2 start-up procedure 
reduces significantly the standard deviation in the achieved DoH and 
average catalyst temperature. This result is attributed to the constant 
flow field maintained throughout each experiment by choosing the same 
operation point for starting hydrogenation. This keeps the initial flow 
field constant and the trickle flow or wetting of the catalyst remains 
unchanged for every start-up of the reactor, leading to relatively con
stant hydrodynamic conditions throughout an experimental day. It 
should be noted that the dilution of the catalyst bed is generally 

expected to influence the reproducibility of the results. This effect could 
be reduced with a higher catalyst volume fraction. Nevertheless, we 
assume that even in undiluted packed beds, reproducibility issues may 
arise, for example, due to the formation of localized hot spots, which 
could in turn affect activity. For all further experiments, the wetted 
reactor 2 start-up procedure was used to ensure the best possible 
reproducibility of the results.

3.2. Pressure dependency

The overall efficiency of hydrogen technologies is significantly 
influenced by the required hydrogen pressure for storage. If the 
hydrogen pressure after electrolysis is not high enough for the envisaged 
storage technology an additional energy-consuming compression step is 
needed. The required compression energy depends on the compression 
ratio. In addition, hydrogen compressors are expensive pieces of 
equipment with specific requirements for process integration, mainte
nance and safety.

This motivated us to conduct a series of H0-BT hydrogenation ex
periments in which we varied the pprocess at a constant mass flow rate 
(ṁH0-BT = 2.7 g min− 1) and a constant thermal oil temperature of 180 ◦C. 
Our aim was to quantify the pressure influence on the reactor power 
density of our TBR under otherwise identical conditions. We were also 
interested in identifying the lowest pressure level that still enables 
suitable hydrogenation performance. Consequently, we varied pprocess 
sequentially in the following order: 20 → 10 → 5 → 30 bar. The results 
are illustrated in Fig. 3 showing the achieved DoH and ProdH2 (Fig. 3 a)) 
together with the axial temperature distribution in the reactor exem
plified for the 5 bar and 30 bar experiments (Fig. 3 b), vertical lines 

Fig. 2. Effect of start-up strategy and mass-flow sequence on (a) the degree of hydrogenation (DoH) and (b) the mean reactor temperature (Tmean, reactor). Error bars 
indicate experimental reproducibility. Conditions: ṁH0-BT = 0.7|2.7|5.5 g min− 1; Tthermostat = 180 ◦C; pprocess = 20 bar; DoHfeed < 0.5 %; mcatalyst = 75 g.

Table 1 
Comparison of degree of hydrogenation (DoH) and average catalyst bed tem
perature (Tmean, reactor) for H0-BT hydrogenation in trickle-bed reactors using 
two wetted start-up procedures. Mean values and standard deviations are re
ported. Conditions: ṁH0-BT = 2.7 g min− 1; Tthermostat = 180 ◦C; pprocess = 20 bar; 
DoHfeed < 0.5 %; mcatalyst = 75 g.

DoH 
[%]

SD DoH 
[%]

Tmean, reactor 

[◦C]
SD Tmean, reactor 

[◦C]

Wetted Reactor 
1

58.8 10.1 192.9 2.6

Wetted Reactor 
2

59.5 1.9 194.4 1.9

J. Lippert et al.                                                                                                                                                                                                                                  International Journal of Hydrogen Energy 211 (2026) 153617 

5 



represent average temperatures in the reactor. Note that the dashed lines 
do not represent measured data but serve only as a guide to the eye. The 
reactants are introduced into the reactor at the position of 732 mm, the 
shaded area represents the inert inlet zone of the reactor.

The influence of the pressure on the achieved DoH or ProdH2 is 
significantly less pronounced than expected. At a pprocess of 5 bar, a DoH 
of approximately 48 % is achieved, whereas at 30 bar, the DoH increases 
to around 71 %. This corresponds to an increase in ProdH2 by 50 %. A 
significantly higher dependence of the ProdH2 on the pressure was re
ported in literature for the batch hydrogenation of H0-BT [31].

The average catalyst temperature is 199 ◦C at 30 bar and 192 ◦C at 5 
bar. The average reactor temperature observed at 10 bar and 20 bar is 
within this range. The maximum temperature difference of 7 ◦C for the 
pressure variation is relatively small. Therefore, it is highly unlikely that 
differences in the catalyst temperature are influencing the results to a 
significant extent.

Because Li et al. [31] used a different catalyst, we performed our own 
batch hydrogenation experiments to verify whether our system is 
particularly insensitive to the reaction pressure. A direct quantitative 
comparison between the productivity obtained in batch and continuous 
experiments is not feasible; therefore, only the trends and the order of 
magnitude of the productivity should be considered for comparison. The 
results are shown in Table 2.

By increasing the H2 pressure from 5 bar to 30 bar in batch operation, 
a ProdH2,20–50 % increase by a factor of approximately 11 was observed. 
At a pressure of 5 bar, a DoH of only 15 % was reached at the end of the 
experiment, whereas at pressures of 20 or 30 bar, nearly complete hy
drogenation of the H0-BT feedstock was found. It should be noted that 
the value of the ProdH2,20–50 % at 5 bar is an extrapolated value, as our 
productivity values are always calculated for the range between 20 % 
and 50 % DoH, which is not reached in this case. The detailed DoH over 
time curve is found in the ESI.

One explanation for the less pronounced pressure dependence in 
continuous operation is that mass transfer is influencing the ProdH2 in 

the continuous TBR operation. As previously mentioned, H2 mass 
transfer in a TBR is a two-step process: gas–liquid and liquid–solid 
transfer, with gas–liquid mass transfer often being the limiting step 
under trickle-flow conditions. Held et al. [42] have further reported 
that, in addition to potential gas–liquid transfer limitations, H2 diffusion 
within the liquid phase can also become a limiting factor. The diffusion 
rate is proportional to the absolute temperature and inversely propor
tional to temperature-dependent dynamic viscosity [52] whereas the 
intrinsic surface reaction is exponentially dependent on temperature. As 
the average temperature in the catalyst bed is similar for all investigated 
pressures and the axial temperature profile as well, the diffusion rate of 
all reactants should also be similar. It can be concluded that the hy
drogenation of H0-BT in the TBR is strongly mass-transfer-limited 
because only a very minor improvement of ProdH2 is detected with 
increasing H2 pressure. Although it is not possible to definitively 
distinguish from the present data whether gas–liquid or liquid–solid 
mass transfer is the dominant limitation, transferring the findings of 
Held et al. [42] to our system—where external mass transfer limitations 
were largely suppressed by high superficial velocities—suggests that 
(pore) diffusion could be the dominant resistance. We have used the 
Weisz modulus to assess the influence of pore diffusion and our rough 
estimation results in a Weisz modulus around 1 indicating limitation by 
pore diffusion. The greatest uncertainty in calculating the Weisz 
modulus lies in the scarcity of data on the effective diffusion coefficient, 
which we were only able to estimate roughly based on data from Bioucas 
et al. [53]. In summary, the continuous system operates under strong 
mass transfer limitations, which from a reaction engineering perspective 
is disadvantageous, as the intrinsic reaction rate cannot be fully utilized. 
However, a low H2 pressure is sufficient for H0-BT hydrogenation in the 
current setup to realize reasonable productivities in the continuous 
hydrogenation. This means that energy- and cost-intensive H2 
compression is not needed.

3.3. Temperature dependency

The reaction temperature is another critical parameter for the TBR 
performance. Since the reaction is exothermic, efficient heat removal 
must be ensured to enable safe reactor operation. If heat removal is 
properly ensured, the reaction temperature should be chosen as high as 
possible while considering potential limitations by the thermodynamic 
equilibrium or by-product formation. Operation at higher temperatures 
does not only enhance intrinsic kinetics and thereby overall kinetics, it 
also enables us to produce the hydrogenation heat at the highest possible 

Fig. 3. Effect of process pressure (pprocess) on (a) the degree of hydrogenation (DoH) and hydrogen productivity (ProdH2) and (b) the corresponding axial temperature 
profiles. Mean reaction-zone temperatures (Tmean, reactor) are indicated by vertical lines for each pressure level. Conditions: ṁH0-BT = 2.7 g min− 1; Tthermostat = 180 ◦C; 
pprocess = 5|10|20|30 bar; DoHfeed < 0.5 %; mcatalyst = 75 g.

Table 2 
Comparison of hydrogen productivity (ProdH2) obtained in batch and contin
uous operation. Conditions (continuous): ṁH0-BT = 2.7 g min− 1; Tthermostat =

180 ◦C; pprocess = 5|10|20|30 bar; DoHfeed < 0.5 %; mcatalyst = 75 g. Conditions 
(batch): mH0-BT = 186 g; nPt,Pd: nH0-BT = 1:2500; T = 200 ◦C.

H2 pressure [bar] 5 10 20 30

ProdH2 (cont.) [gH2 gPt,Pd
− 1 min− 1] 0.14 0.16 0.19 0.21

ProdH2, 20–50 % (batch) [gH2 gPt,Pd
− 1 min− 1] 0.14 0.36 1.05 1.55
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temperature value which is particularly beneficial for the integration of 
this heat with other processes. For this reason, we varied the thermal oil 
temperature at a constant system pressure of 20 bar and a constant mass 
flow rate of 2.7 g min− 1 to investigate the influence of temperature 
(order: 180 → 160 → 200 ◦C) on the hydrogenation activity of H0-BT 
and heat removal characteristics in the TBR. The results are presented 
in Fig. 4. In the left-hand graph (a), the achieved DoH are plotted against 
the corresponding average catalyst bed temperatures Tmean, reactor, while 
the right-hand graph (b) shows the resulting axial temperature profiles, 
with the average temperatures indicated as solid lines.

The achieved DoH range from approximately 30 % at a heating oil 
temperature of 160 ◦C (Tmean, reactor = 167 ◦C) to 82 % at 200 ◦C (Tmean, 

reactor = 215 ◦C). Increasing the thermal oil temperature by 40 ◦C results 
in a DoH increase by a factor of approximately 2.7. H0-BT hydrogena
tion is probably controlled by mass transfer of the reactants as discussed 
in the pressure section. The mass transfer rate by diffusion is dependent 
on the absolute temperature and the dynamic viscosity. Under these 
boundary conditions, the diffusion coefficient would increase by 
approximately 50 % when accounting for the temperature dependence 
of the viscosity of H0-BT [52,54]. However, changing physical proper
ties like density, surface tension, and the liquid composition might also 
influence the mass transfer rate. In addition, a slight improvement in H2 
solubility is observed with increasing temperature at constant pressure. 
Based on the experimental data reported by Jander et al. [55], a solu
bility enhancement factor of approximately 1.25 can be estimated for a 
temperature increase from 160 ◦C to 220 ◦C assuming linear extrapo
lation of the measured data. In addition, the different temperature 
sensitivity of the bimetallic catalyst must also be considered. The 
average reactor temperatures in these experiments are in the range 
where a pronounced increase in Pt activity was observed in previous 
studies [25–27].

The axial temperature profile was found relatively constant for all 
investigated thermal oil temperatures, which means that appropriate 
heat removal can be ensured for all investigated conditions. Thus, heat 
removal is not limiting the reactor design for the investigated process 
conditions. The liquid samples were also analyzed via gas chromatog
raphy for by-products formation and no significant amount of by- 
products was found. This means that a reactor jacket temperature of 
200 ◦C can be recommended if H2 is available at 20 bar.

Concluding our assessment on the influence of different reaction 
parameters, we can state that a strong temperature dependence has been 
experimentally observed in the temperature range between 160 and 
200 ◦C while the pressure influence between 5 and 30 bar total pressure 

was surprisingly low in the applied TBR.

3.4. Concentration dependency

In a technical application, the feed for a hydrogenation plant is 
supplied from a dehydrogenation plant, which allows the recycling of 
the LOHC multiple times. With the H0-BT/H12-BT LOHC system the 
complete release of all reversibly bound hydrogen is often challenging in 
the catalytic dehydrogenation reaction and, therefore, the feedstock for 
the next hydrogenation is not pure H0-BT but a technical LOHC mixture 
with a DoH below 30 % [56,57]. This provokes the relevant question of 
how the DoH of the feed influences the performance of the hydrogena
tion reactor. As reported by Geiling et al. [41], it can be advantageous to 
recycle a certain part of the fully hydrogenated product and mix it with 
the incoming Hx-BT stream to gain better thermal control in the reactor. 
In fact, this approach increases the DoH of the feed that enters the 
reactor and allows for higher throughputs at constant hydrogen con
sumption, thereby improving heat transfer and mass transfer within the 
reactor due to higher LOHC flow rates. For these reasons, a final 
experimental series was conducted to investigate the influence of the 
DoH of the feed. Two mixtures were compared: one with an initial DoH 
of approximately 26 %, representing a typical DoH of a laboratory 
dehydrogenation product, and another with an initial DoH of approxi
mately 61 %, both produced by mixing H0-BT and H12-BT to simulate 
the recycling concept and, respectively a dehydrogenation product. The 
compositions of the feeds are summarized in Table 3.

The experiments were carried out analogously to the investigations 
of the pressure and temperature variation. The results of the pressure 
influence are shown in Fig. 5, and those of the temperature influence 
under varying initial DoH are presented in Fig. 6.

Fig. 5 (a) shows the dependence of the achieved ΔDoH on pressure 
variation. The dashed lines represent the theoretical full hydrogenation 
corresponding to the respective initial DoH. Interestingly, almost com
plete hydrogenation can be achieved even at lower pressures (5 bar and 
10 bar) when the initial DoH (DoH = 61.3 %) is sufficiently high. This 

Fig. 4. Effect of temperature (Tthermostat) on (a) the degree of hydrogenation (DoH) and hydrogen productivity (ProdH2) and (b) the corresponding axial temperature 
profiles. Mean reaction-zone temperatures (Tmean, reactor) are indicated by vertical lines. Conditions: ṁH0-BT = 2.7 g min− 1; Tthermostat = 160|180|200 ◦C; pprocess = 20 
bar; DoHfeed < 0.5 %; mcatalyst = 75 g.

Table 3 
Relative composition of benzyltoluene (BT) species in feed mixture.

Feed Composition [%] H12-BT H6-BT H0-BT

DoH = 25.8 % 25 1 74
DoH = 61.3 % 60 2 38
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means that via internal LOHC recycling or by using more catalyst, a 
hydrogenation plant can be designed, which can achieve complete hy
drogenation at a total pressure level of 5 bar. This is especially inter
esting as a compressor can be omitted for most types of electrolyzers in 
such a scenario.

Comparing the results for initial DoHs of <0.5 % and 25.8 % similar 
ΔDoHs are achieved. Li et al. [31] reported a reaction order of zero 
regarding H0-BT concentration and one regarding H6-BT concentration. 
Dilution of the Hx-BT feed with H12-BT reduces the overall concentra
tion of LOHC species that can consume hydrogen in the reactor, while 
increasing the fraction of fully hydrogenated LOHC acting as an inert 
diluent. However, no decrease in the overall hydrogenation perfor
mance was observed. This behaviour is unexpected for a purely intrinsic 
kinetic regime, where dilution of reactive species would typically result 

in a lower reaction rate, especially considering the stepwise hydroge
nation from H0-BT via H6-BT to H12-BT. This further supports the 
conclusion that hydrogenation of H0-BT (and Hx-BT in general) in a TBR 
is predominantly limited by hydrogen mass transfer and not by the 
surface reactions. Note that the dilution of the Hx-BT stream with 
H12-BT increases hydrogen solubility [55], which may explain the 
higher DoHs observed for feed streams with elevated initial DoH values.

Fig. 5 (b) shows the resulting axial temperature profiles as an 
example for a process pressure of 20 bar. The decline of the temperature 
at the end of the reactor for a high initial DoH indicates that especially 
for an initial DoH of 61.3 % full hydrogenation is achieved before the 
end of the catalyst bed. As a result, the initial DoH can be lowered or the 
mass flow can be increased, with still complete hydrogenation being 
achievable.

Fig. 6 shows the dependence of the achieved ΔDoH on temperature 
variation. The ΔDoH increases with rising temperature and complete 
hydrogenation can be achieved for an initial DoH of 61.3 % for a heating 
oil temperature above 180 ◦C and for an initial DoH of 25.8 % for a 
heating temperature above 200 ◦C. Notably, the hydrogenation activity 
of an initial DoH of 25.8 % is higher than that for a feed DoH of 0 % at a 
similar average catalyst temperature despite the higher concentration of 
H12-BT, which further supports the conclusion of mass-transfer limita
tion in our TBR, as already discussed in the previous sections.

4. Conclusion

Our contribution presents a first process optimization study for the 
continuous hydrogenation of H0-BT in a TBR. Our results highlight the 
importance of the start-up procedure to reproducibly establish proper 
liquid distribution in the reactor. As a result, we found that initial 
flooding of the catalyst bed with the feedstock significantly increases the 
reactor productivity. In contrast to batch autoclave experiments, the 
productivity in the TBR (expressed as amount of H2 consumed in the 
reactor) showed a surprisingly low dependence on process pressure. We 
conclude from the results of our pressure and temperature variation 
experiments that insufficient mass transfer limits the observable reac
tivity in the TBR. This interpretation is further supported by our ex
periments with partially hydrogenated feedstock that revealed high 
reactor performance despite the lower concentration of H0-BT within 
our feed into the reactor.

Our study highlights one of the biggest advantages of the H0-BT/ 
H12-BT LOHC technology over other methods of chemical hydrogen 

Fig. 5. Effect of feed degree of hydrogenation (DoHfeed) and process pressure (pprocess) on the achieved change in degree of hydrogenation (ΔDoH). Theoretical full 
hydrogenation is indicated by horizontal lines. (b) Corresponding axial temperature profiles at pprocess = 20 bar; mean reaction-zone temperatures (Tmean, reactor) are 
indicated by vertical lines. Conditions: ṁHx-BT = 2.7 g min− 1; Tthermostat = 180 ◦C; pprocess = 5|10|20|30 bar; DoHfeed= <0.5|25.8|61.3 %; mcatalyst = 75 g.

Fig. 6. Effect of feed degree of hydrogenation (DoHfeed) and temperature 
(Tthermostat) on the achieved change in degree of hydrogenation (ΔDoH). 
Theoretical full hydrogenation is indicated by horizontal lines. Conditions: ṁHx- 

BT = 2.7 g min− 1; Tthermostat = 160|180|200 ◦C; pprocess = 20 bar; DoHfeed=

<0.5|25.8|61.3 %; mcatalyst = 75 g.
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storage: The comparatively high enthalpy of hydrogenation/dehydro
genation–often considered a disadvantage for the hydrogen release 
reaction–enables hydrogen to be stored at very low pressures. Here, we 
have shown that at a reaction temperature of around 180 ◦C, a total 
pressure of 5 bar (which equals 5 bar hydrogen partial pressure 
neglecting the small amounts of Hx-BT in the gas phase) is sufficient to 
increase the DoH of the system from 61.3 % to around 95 % with a good 
ProdH2 of 0.1 gH2 gPt/Pd

− 1 min − 1. This is technically very relevant, as many 
technical sources provide hydrogen at moderate pressures. With the TBR 
technology presented here, such low-pressure hydrogen can still be used 
to operate a Hx-BT-based storage cycle. This avoids hydrogen 
compression, which is a costly process from both an investment and 
operational perspective.

Future work should therefore focus on a more detailed character
ization of mass-transfer phenomena in trickle-bed reactors. In particular, 
the experimental determination of effective mass-transfer coefficients 
and wetting behavior would substantially improve the understanding 
and modelling of trickle-bed reactors for LOHC hydrogenation, which is 
particularly important for scale-up, typically realized by numbering-up 
of reactor tubes, a concept that is well established at industrial scale. 
Complementary, CFD-based flow simulations could further elucidate the 
complex hydrodynamics governing H0-BT hydrogenation. By under
standing hydrodynamics, dimensions of the characteristic reactor tube 
can be modified to improve mass transfer while ensuring sufficient heat 
transfer to avoid hot spots. In addition, targeted optimization of catalyst 
shape and geometry offers a promising pathway to mitigate mass- 
transfer limitations and enhance reactor performance.
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Nomenclature

Abbreviations
H2 hydrogen
EC electrolysis
CO2 carbon dioxide
LOHC liquid organic hydrogen carrier
LHV lower heating value
H0-DBT dibenzyltoluene
H18-DBT perhydro dibenzyltoluene
H0-BT benzyltoluene
H6-BT partially hydrogenated benzyltoluene
H12-BT perhydro benzyltoluene
Hx-BT mixture of H0-, H6- and H12-BT with undefined degree of hydrogenation
Pt platinum
Pd palladium
Ru ruthenium
Rh rhodium
Ni nickel
SiO2 silica
TiO2 titania
TBR trickle-bed reactor
Al2O3 aluminum oxide
ESI electronic supplementary information
GC gas chromatograph
FID flame ionization detector
SD standard deviation
Symbols
DoH degree of hydrogenation [%]
d diameter [mm; μm]
l length [m; mm]
p pressure [bar]
T temperature [◦C]
ṁ mass flow [g min− 1]
m mass [g]
n molar amount [mol]
rpm rounds per minute [min− 1]
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(continued )

Ai area species [pAs]
ProdH2 hydrogen productivity [gH2gPt/Pdmin− 1]
t time [min]
ω weight fraction [− ]
ΔDoH achieved DoH
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Data available on Zenodo [58].
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