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A B S T R A C T

This publication examines the dependency of the liquid phase dehydrogenation of perhydro-benzyltoluene (H12- 
BT) on process parameters like temperature, pressure and LOHC concentration, to develop a kinetic approach for 
a commercial dehydrogenation catalyst. The investigations revealed that the commercial pellet catalyst is limited 
by pore diffusion. Therefore, the catalyst was milled to study the intrinsic reaction rate. The investigations were 
used to develop both an intrinsic and an effective kinetic approach to describe the dehydrogenation of H12-BT. 
The kinetic approach developed in this work describes for the first time the liquid phase dehydrogenation of H12- 
BT considering the dependency of the reaction rate on the hydrogen partial pressure, and the limitation due to 
thermodynamic equilibrium. Additionally, the influence of reactant and product concentration and the con
centration of the main intermediate is considered in the developed kinetic approach. Based on both kinetic 
approaches, the utilization of the catalyst is calculated and found to be below 50% under technically relevant 
conditions. The study therefore demonstrates the significant potential to optimize the catalyst in the future, as 
currently only part of the expensive platinum is being used effectively. The developed kinetic approaches provide 
the basis for future modelling of a dehydrogenation reactor.

1. Introduction

Liquid Organic Hydrogen Carriers (LOHC) have emerged as a 
promising solution for hydrogen storage as they enable safe and effec
tive hydrogen storage at ambient conditions. Hydrogen reversibly reacts 
in an exothermal and heterogeneously catalyzed hydrogenation with a 
hydrogen-lean molecule to form a hydrogen-rich molecule that is liquid 
at ambient conditions. As the stored hydrogen is chemically bound to the 
carrier molecule, no molecular hydrogen is present at the time of 
hydrogen storage or transportation. The stored hydrogen can be released 
in an endothermal and heterogeneously catalyzed dehydrogenation re
action from the hydrogen-rich molecule. This conversion step leads to 
the reformation of the hydrogen-lean carrier to close the storage cycle 
[1–5]. If the LOHC system involves only hydrocarbons, repurposing of 
the current infrastructure for the distribution of liquid hydrocarbons is 
possible. This avoids cost for establishing new infrastructures and may 
fasten the start-up of a global hydrogen economy. Additionally, heavy- 

duty mobility is an emerging market for hydrogen or hydrogen de
rivatives as many types of heavy-duty vehicles cannot be fully electrified 
with batteries. LOHCs are recently discussed as promising fuels for on- 
board hydrogen supply of heavy-duty vehicles [6,7].

The three most promising and most investigated pure hydrocarbon 
LOHC systems are: Toluene (TOL)/ methylcyclohexane (MCH) [8–10], 
perhydro dibenzyltoluene (H18-DBT)/ dibenzyltoluene (H0-DBT)/ 
[11–13], and perhydro benzyltoluene (H12-BT)/ benzyltoluene (H0-BT) 
[4,12–15]. A detailed comparison of these different systems can be 
found in Rüde et al. [2]. The H12-BT/H0-BT system combines some of 
the advantages of TOL/ MCH (low viscosity and fast pore diffusion in 
catalytic transformations) with the advantages of H18-DBT/H0-DBT 
(high density leading to high volumetric storage density, low vapor 
pressure). Additionally, the hydrogenation and dehydrogenation of 
H12–BT/ H0-BT is faster and more selective than the respective re
actions in the H18-DBT/H0-DBT system. The H0-BT/H12-BT system is 
used in this study because of these technical relevant advantages.
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The dehydrogenation of H12-BT is catalyzed by platinum nano
particles supported on porous alumina supports. Current catalyst 
development studies focus on the variation of the size of the platinum 
nanoparticles [16], the acidity of the support surface [17], and the 
textural properties of the support [18]. Furthermore, bimetallic catalyst 
impregnations or doping of the Pt nanoparticles with small amounts of 
sulfur has been shown to enhance productivity and selectivity of the 
H12-BT dehydrogenation catalyst considerably [19,20].

The dehydrogenation of H12-BT is a consecutive reaction that in
volves formation of the intermediate H6-BT. The latter releases further 
hydrogen to form H0-BT as shown in Fig. 1 [2].

The degree of hydrogenation (DoH) is defined as the actual amount 
of hydrogen reversibly bound in a given hydrogen carrier divided by the 
maximum amount of hydrogen that can be stored reversibly. The defi
nition of the DoH is given in Eq. (1). The DoH is an important parameter 
describing the utilization of the carrier’s hydrogen capacity. Process 
conditions are chosen in the hydrogenation step to maximize the DoH in 
the LOHC system at hand. Hydrogen release, in contrast, aims for the 
lowest possible DoH to make as much hydrogen available for a given 
application as possible. 

DoH =
nH2,stored

nH2,max
=

nH6− BT
2 + nH12− BT

nH0− BT + nH6− BT + nH12− BT
(1) 

How to determine the optimal process conditions to operate the H12- 
BT/H6-BT/H0-BT LOHC system? Here, both thermodynamic and kinetic 
aspects have to be considered. Rüde et al. experimentally determined 
the DoH at thermodynamic equilibrium using a pressure swing reactor 
[2]. They employed a sigmoidal function to describe DoH as a function 
of temperature and total pressure. Bong et al. [21] have described the 
thermodynamic equilibrium in the H12-BT/H6-BT/H0-BT LOHC system 
based on Gibbs free energies [21].

However, most published studies on H12-BT dehydrogenation 
[15–17] do not aim for reaching equilibrium DoH values. Instead, these 
studies target a more detailed understanding of the dehydrogenation 
kinetics to enable the proper design of dehydrogenation reactors or an 
accurate prediction of the quantity of released hydrogen under given 
conditions. The development of suitable kinetic models is particularly 
important in this context. The H18-DBT/H0-DBT shows similarities to 
the H12-BT/H0-BT system as H18-DBT dehydrogenation is also con
ducted under multiphasic conditions with several intermediates. 
Therefore, established kinetic models of H18-DBT dehydrogenation are 
firstly discussed to transfer the findings to the dehydrogenation of H12- 
BT. Park et al. [22] used a power-law approach to describe the reaction 
rate of the dehydrogenation of H18-DBT in the temperature range be
tween 270 and 320 ◦C. The concentration variation of the feed was 
achieved by mixing H18–DBT and H0-DBT. This is a simple approach to 
mimic different DOHs in the feedstock. It is however known that the 
desorption of the H12-DBT and H6-DBT rection intermediates is very 
different from the desorption of H0-DBT from the catalyst surface. 
Therefore the study of H18-DBT/H0-DBT mixtures may not be repre
sentative for a real reaction mixture with the same formal DoH [23]. The 
reported kinetic approach by Park et al. [22] also neglect pressure de
pendencies and the effect of thermodynamic limitations on the reaction 
rate, i.e. for each temperature the model results converge to full 
hydrogen release despite the known thermodynamic limits relevant for 
the applied conditions [24]. Geißelbrecht et al. [11] used a power law 

approach to describe dehydrogenation of H18-DBT with considering 
thermodynamic limitations.

Hydrogen release studies from H12-BT aiming at the development of 
kinetic models have been carried out by Rüde et al. [25]. The authors 
also described the reaction by a simple power law approach neglecting 
the intermediate H6-BT. No thermodynamic limitations were considered 
in their approach because their special use case of a catalytic distillation 
represents an open system, where H0-BT and hydrogen is constantly 
removed from the catalyst-filled reaction volume [25]. Wang et al. [14] 
developed a kinetic approach for H12-BT dehydrogenation considering 
the intermediate H6-BT. They used a commercially available cylindrical 
granular catalyst from Thermo Fisher containing 5.0 wt% Pt on Al2O3 
for their investigations. The experiments were conducted in a temper
ature range between 250 and 265 ◦C as higher temperatures were not 
accessible due to the evaporation of the reaction mixture with undefined 
hydrogen content (Hx-BT) in their atmospheric pressure setup. For the 
same reason, no pressure variation was performed. Wang et al. [14] 
fitted their experimental data to a power law and a Langmuir- 
Hinshelwood-Hougen-Watson (LHHW) approach. The LHWM 
approach was found to offer a higher accuracy compared to the power- 
law model, which is mainly due to the higher amount of fitting pa
rameters. The H12-BT dehydrogenation was described as slurry phase 
reaction (solid catalyst in liquid H12-BT) as the influence of Hx-BT 
evaporation was limited by recondensation of the evaporated Hx-BT.

Slurry phase H12-BT dehydrogenation offers some interesting ad
vantages over performing the same reaction with evaporated H12-BT in 
gas/solid contact: i) The liquid LOHC phase surrounding the catalyst can 
dissolve coke precursors from the catalyst surface thus preventing their 
further growth to deactivating coke [26], as a result the catalyst oper
ation time can be significantly extended [27]; ii) heat transfer to the 
catalyst bed to compensate for the heat consumption by the endothermal 
dehydrogenation reaction is improved in the presence of liquid that acts 
as heat transfer medium from the hot reactor walls to the reaction site, 
better heat transfer leads to higher average temperatures in the catalyst 
bed and higher reaction rates [15,28].

To ensure slurry phase operation in the dehydrogenation reactor, 
H12-BT must be fed into the reactor in liquid form, and the total pressure 
in the dehydrogenation reactor must be high enough to keep part of the 
Hx-BT in the liquid phase at the given temperature, even if the ther
modynamically maximum possible amount of hydrogen is released. 
However, increasing the pressure limits the achievable conversion in 
H12-BT resp. H6 BT dehydrogenation. So, the choice of reaction con
ditions is a compromise between enabling good dehydrogenation ki
netics and thermodynamic and ensuring longevity of the catalyst and 
good heat transfer. Maximizing the hydrogen release is necessary in 
order to fully exploit the hydrogen storage capacity of the H12-BT 
molecule.

In this contribution, we present a kinetic model for the slurry phase 
dehydrogenation of H12-BT using the commercial catalyst EleMax D102 
of Clariant which is an egg-shell impregnated, sulfur-doped platinum 
catalyst (loading 0.3 mass% Pt) on a neutral alumina. Table S1 shows the 
properties of the commercial catalyst, which are not banned from 
publication.

To develop an intrinsic model, we had to ensure that the determined 
reaction rate is not influenced by internal or external mass transfer 
limitations. Therefore, our kinetic experiments are carried out with 
crushed catalyst powder of defined size. Our kinetic approach considers 

Fig. 1. Main dehydrogenation/hydrogenation reactions in the LOHC system H12-BT/H6-BT/H0-BT.
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the consecutive reaction from H12-BT to H6–BT and from H6-BT to H0- 
BT. Moreover, we are considering limitations by the thermodynamic 
equilibrium in our approach. In addition, we have studied dehydroge
nation kinetics with the commercial catalyst pellets where internal 
diffusion effects play a role. Based on our data and derived models for 
both catalyst materials we can estimate the effect of pore diffusion on 
the observed dehydrogenation kinetics for the commercial pellets 
catalyst and can indicate the effectiveness factor of the pelletized com
mercial catalyst.

2. Experimental

2.1. H12-BT dehydrogenation in a Semi-Batch-Autoclave

All dehydrogenation experiments were conducted in a high tem
perature, high pressure autoclave of Parr Instruments (Type 4575A, 500 
ml volume). The operation of the autoclave has been described in 
various publications [2,24,27]. The autoclave was equipped with a 
heating jacket and an internal cooling coil. Moreover, temperature and 
stirring speed were controlled via a Parr Controller (Type 4848). A 
backpressure regulator from Equilibar was used to set the desired re
action pressure. The temperature of the reflux condenser was set to 1 ◦C 
to prevent evaporated Hx-BT from leaving the reactor. All experiments 
were carried out with H12-BT purchased from Hydrogenious LOHC 
Technologies GmbH. The used catalyst was the EleMax D102 from 
Clariant (loading 0.3 mass% Pt and material number 309080), which 
comes in the form of spherical catalyst pellets with an average diameter 
of 3 mm. For the variation of the particle size the catalyst was milled and 
sieved to realize different catalyst particle sizes. The platinum content of 
each size fraction was determined by ICP-OES. The platinum concen
tration slightly increased with decreasing particle size of the catalyst. 
However, the ratio of platinum to H12-BT was kept constant over all 
experiments considering the different platinum concentration in each 
size fraction. The specific surface area of the milled catalysts was 
determined and did not change as a result of the milling process.

After filling the reactor with H12-BT (300 g, DoH = 0.97) and 
catalyst, the system was flushed with nitrogen to remove any oxygen. 
Afterwards, the reactor was flushed with hydrogen to remove the ni
trogen. Before heating, the reactor was pressurized with 9 bara 
hydrogen to prevent any hydrogen release from the H12-BT in the 
startup phase. To exclude hydrogen release in the startup-phase, a 
sample was taken after each startup phase and analyzed via GC. The 
sample showed no difference to the used H12-BT feedstock and thus 
dehydrogenation activity in the startup phase can be excluded. The re
action was started by lowering the reactor pressure to the desired 
operating pressure. The total pressure remained constant throughout the 
experiment. The hydrogen partial pressure was calculated at the start of 
the reaction based on the actual DoH of the Hx-BT mixture. Due to the 
slightly decreasing vapor pressures with decreasing DoH, the hydrogen 
partial pressure increases during the reaction despite the constant ab
solute pressure, a fact that is considered in our model. Throughout the 
experiment, liquid samples were taken, to analyze the DoH using a 
standard GC procedure that was previously published [19]. The mass 
losses due to sampling are considered in our mass balance calculations.

The shaped catalyst was placed directly in the reactor without using 
a catalyst basket. After each experiment we checked for signs of catalyst 
abrasion. But this was not found to be a relevant concern. The amount of 
milled catalyst used in the kinetic experiments was 1.78  g, resulting in a 
Pt-to-LOHC ratio of 1:57135. In comparison, 4.52  g of the pelletized 
catalyst was used, corresponding to a Pt-to-LOHC ratio of 1:22050.

2.2. Determination of the reaction equilibrium

The aim of this work was to determine the reaction kinetics for the 
dehydrogenation of H12-BT and H6-BT. For thermodynamic reasons, 
full conversion is not possible for all process parameters, so the influence 

of the equilibrium must be considered in our model. It was decided not 
to use the equilibrium data from Rüde et al. [2] because they neglect the 
presence of the intermediate H6-BT. Instead, the thermodynamic equi
librium is described by the calculation of Gibbs free energy. We have 
adapted the calculation procedure for the equilibrium constant from 
Heublin et al., who have described the procedure in detail for the liquid 
phase dehydrogenation of N-ethylcarbazole [29]. The thermodynamic 
equilibrium is reached when the Gibbs free energy is at a minimum. The 
equilibrium constant Keq can be calculated using Eq. (2), neglecting 
activity coefficients, assuming ideal gas behavior, and a reaction 
occurring exclusively in the liquid phase. 

Keq = exp
(
− Δg0

r
RT

)

=
xProduct

xEduct

(
pH2

pθ

)∑ νH2

(2) 

The Gibbs free enthalpy is calculated using Eq. (3). 

Δg0
r = Δh0

r − TΔs0
r (3) 

The reaction enthalpy equals the sum of the standard formation 
enthalpies of all reactants multiplied by the stoichiometric coefficients. 
The reaction entropy equals the sum of the standard molar entropies of 
all reactants multiplied by the stoichiometric coefficients. The gas phase 
standard formation enthalpies for the reactants are given in the NIST 
database [30]. Since the liquid phase standard formation enthalpies are 
required, the gas phase standard formation enthalpies can be converted 
in the liquid phase formation enthalpies using the evaporation en
thalpies reported from Vervekin et al. [31]. The temperature depen
dence of the standard formation enthalpy was neglected in our 
calculations. The gas phase reaction entropies are listed in the NIST 
database [30]. The gas phase reaction entropies were converted in liquid 
phase reaction entropies using the Pictet-Trouton rule and the evapo
ration enthalpy reported by Vervekin et al. [31]. We have used the Van‘t 
Hoff Eq. to describe the temperature dependency of the equilibrium 
constant Keq. The reaction enthalpy was assumed to be constant for all 
process conditions.

The composition of the gas phase was calculated using the vapor
–liquid-equilibrium (VLE). We have neglected the solubility of hydrogen 
in liquid Hx-BT mixture, because the solubility is very small due to the 
relatively low total pressure [21]. The vapor pressure of H12-BT was 
taken from Jorschick et al. [32], and the vapor pressure of H0-BT was 
taken from the manufacturer’s data sheet [33].

The only available vapor pressure data for H6-BT was published by 
Verevkin et al. [31]. The vapor pressure was determined in the tem
perature range between 45 and 85 ◦C. Extrapolation of the data to the 
reaction temperature of around 300 ◦C is associated with a significant 
uncertainty. Instead, we have first estimated the vapor pressure of H6- 
BT. Then, the ratio of pH12-BT,lv to pH6-BT,lv was calculated in the tem
perature range measured by Verevkin et al. [31]. Finally, this ratio was 
taken as a constant and transferred to the vapor pressure data of Jorschik 
et al. [34]. The temperature dependency of the equilibrium constants is 
shown in Fig. S2. In general, the dehydrogenation of H12-BT is ther
modynamically much more favored than the dehydrogenation of H6-BT.

3. Results and discussion

The dehydrogenation of H12-BT is a multiphasic reaction catalyzed 
by a heterogeneous catalyst. To develop an intrinsic kinetic approach 
limitations by internal and external mass transfer must be excluded. 
[35] The reproducibility of the experimental setup was checked for a 
representative experiment, and the results are shown in Fig. S3.

3.1. Influence of external mass transfer

The external mass transfer depends on the thickness of the laminar 
boundary layer around the catalyst. The thickness of the laminar 
boundary layer decreases with increasing flow velocity, which in our 
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case is governed by the stirring rate. External mass transfer limitations 
can therefore be excluded if the reaction rate does not increase with 
higher stirring rates. The influence of the stirring rate on the progress of 
the DoH is shown in Fig. 2. Fig. 2A shows the influence of the stirring 
rate on the pellet catalyst and Fig. 2B reveals the influence on the milled 
catalyst (< 250 μm). The dedicated graphical representation of the 
molar substance quantities can be found in the supplementary infor
mation S4 and S5. No significant change in the reaction rate is observed 
for a stirring rate above 250 min− 1 for the pellet catalyst. So, limitations 
by external mass transfer can be excluded for the pellet catalyst at a 
stirring rate above 250 min− 1. To not falsify the experiment by an un
detected change in pellet geometry, the catalyst was checked for abra
sion after each experiment and no significant abrasion of the pellet was 
detected. For further experiments with pellet catalysts, a stirring rate of 
400 min− 1 is chosen. For the milled catalyst no increase in the reaction 
rate is detected for a stirring rate above 800 min− 1. Therefore, a stirring 
rate of 1,000 min− 1 is chosen for further experiments with milled 
catalyst. The need for a higher stirring rate in experiments with the 
milled catalysts is probably not caused by the size of the laminar 
boundary layer but is to avoid settling of the milled catalyst. Settling 
reduces the dispersion of the catalyst in the reactor and thereby com
plicates the mass transfer of the reactants to the catalyst active sites.

3.2. Influence of internal mass transfer

Limitation of the observable rate by internal mass transfer occurs if 
the rate of the surface reaction is higher than the pore diffusion rate of 
the reactants. The internal diffusion rate can be increased at constant 
reaction conditions if the critical pathway of diffusion is reduced, e.g. by 
using pellets with a smaller diameter. The rate of the surface reaction, in 
contrast, is not influenced by the particle size of the catalyst. Therefore, 
an increasing observable rate with decreasing catalyst particle size in
dicates rate limitation by pore diffusion effects. Conversely, if the 
observable rate of reaction stays constant with decreasing catalyst pellet 
size intrinsic reaction rates can be measured.

Fig. 3 shows a variation of the catalyst particle size at 310 ◦C. The 
evaluation was purposedly carried out at the highest temperature 
considered in our study because the reaction rate of the surface reaction 
has a higher dependency on temperature than the internal diffusion rate. 
The graphical representation of all molar substance quantities can be 
found in the ESI (Fig. S6).

We found that all milled catalyst materials show a significantly faster 
hydrogen release compared to the pelletized catalyst. This means that 
the activity of the pelletized catalyst is influenced by pore diffusion ef
fects. However, no further increase in reaction rate was observed when 

the particle size of the ground catalyst was further reduced to less than 
500 µm. This suggests that pore diffusion effects do not occur at catalyst 
particle sizes below 500 μm. For our kinetic experiments, we used par
ticle sizes of < 250 μm to remain safely within the range of intrinsic 
kinetics.

3.3. Intrinsic reaction rate

With this experimental procedure suitable for the determination of 
intrinsic kinetics we studied systematically the H12-BT dehydrogenation 
reaction in order to determine intrinsic reaction rates as a function of 
temperature, reaction pressure and the concentration of the LOHC 
species (H12-BT, H6–BT and H0-BT).

3.3.1. Dependency on temperature
Fig. 4 shows the dependency of the intrinsic reaction rate on tem

perature (between 270 and 320 ◦C) at an initial hydrogen partial pres
sure of 1.7 bara. Note that the total pressure in the reactor had to be 
adjusted with increasing temperature to compensate for the increase in 
H12-BT vapor pressure with rising temperatures. The hydrogen partial 
pressure increases with reaction progress as H0-BT has a lower vapor 
pressure than H12-BT and the total pressure is constant.

At 270 ◦C hardly any hydrogen release is detected. Hydrogen release 
increases significantly with rising temperature. Since H6-BT is an in
termediate, it is produced by the dehydrogenation of H12-BT and 
consumed by further dehydrogenation to H0-BT. The maximum H6-BT 
concentration is more quickly reached for higher reaction temperatures.

Fig. 2. Effect of stirring rate on reaction rate: (A) Pellets, Pt to LOHC-Ratio: 1/22050, 320 ◦C and 4 bara, and (B) milled catalyst powder, < 250 μm, Pt to LOHC 
− Ratio: 1/57135, 310 ◦C and 4 bara.

Fig. 3. Effect of the particle size on the reaction rate, Pt to LOHC-Ratio: 1/ 
57135, 310 ◦C and 4 bara.
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3.3.2. Dependency on pressure
Fig. 5 shows the influence of the hydrogen partial pressure on the 

reaction rate at a constant reaction temperature. It is found that the 
hydrogen release far away from the thermodynamic equilibrium is only 
slightly influenced by the hydrogen partial pressure. Interestingly, a 
somewhat larger influence of the hydrogen partial pressure variation on 
H0-BT formation is observed compared to the influence on H6-BT 
formation.

Note that the pressure dependency of H12-BT dehydrogenation is 
more pronounced in this study than in previously published continuous 
dehydrogenation experiments 12, 15]. This is understandable from the 
fact that in these batch autoclave experiments all evaporated Hx-BT 
species are recondensed and transferred back to the reactor. Addition
ally, complete wetting of the catalyst is ensured by fast removal of the 
released hydrogen from the liquid phase. In contrast, the results in the 
previously published continuous H12-BT dehydrogenation experiments 
always reflected a complex interplay of catalytic surface reaction, Hx-BT 
evaporation and catalyst wetting.

3.3.3. Parameter estimation
A simple but commonly used approach to describe the reaction rate 

in heterogeneously catalyzed reactions is the power law approach 
[36–38]. As complete hydrogen release is thermodynamically not 
possible under all considered process conditions, a power law approach 
including thermodynamic limitations has been chosen. Most frequently 
the rate constant of the reverse reaction is expressed as the ratio of the 
forward rate constant k0,i and the equilibrium constant Keq. The equi
librium constant can be described based on physical parameters of the 
species involved and so the amount of fitting parameters is reduced. As 
we have seen a clear dependency of the reaction rate on the hydrogen 
partial pressure, we are also considering hydrogen partial pressure as a 

parameter in our kinetic approach. As shown in Fig. 1, we are consid
ering two consecutive reactions to describe H12-BT/ H6–BT dehydro
genation. Therefore, we must estimate the parameters for two individual 
reaction rates representing the dehydrogenations of H12–BT (Eq. (4)
and H6-BT (Eq. (5)), respectively. 

r1,m = k0,1⋅exp
(

−
EA,1

R⋅T

)

⋅Ca1
H12⋅pa2

H2⋅

⎛

⎜
⎜
⎜
⎝

1 −

CH6 •

(
pH2
p∅

)3

Keq,1⋅CH12

⎞

⎟
⎟
⎟
⎠

(4) 

r2,m = k0,2⋅exp
(

−
EA,2

R⋅T

)

⋅Cb1
H6⋅pb2

H2⋅

⎛

⎜
⎜
⎜
⎝

1 −

CH0 •

(
pH2
p∅

)3

Keq,2⋅CH6

⎞

⎟
⎟
⎟
⎠

(5) 

The parameter p∅ is the reference pressure and was chosen to be 1 
bar. To calculate the reaction rate from the concentration curves, the 
system of ordinary differential equations was solved using the ODE15s 
solver in the Matlab software. The model parameters were estimated by 
fitting the experimental data using MATLAB’s lsqcurvefit function with 
the trust-region-reflective algorithm. To minimize the risk of converging 
to a local minimum, the MultiStart-function was applied, systematically 
varying the initial conditions across a broad parameter space. Since 
multiple solver runs consistently converged to the same minimum, we 
assume that the global optimum was identified. The estimated param
eters are summarized in Table 1 for the case of the ground powder 
catalyst.

The activation energy for both individual reactions is between 140 
and 150 kJ mol− 1. The activation energy estimated in our study is 
significantly higher than the activation energy estimated by Wang et al. 

Fig. 4. Effect of reaction temperature on the intrinsic reaction rate at a constant hydrogen partial pressure of 1.7 bara. Pt to LOHC-Ratio: 1/57135, powder catalyst 
< 250 μm, 270 – 320 ◦C, 2.8 – 4.7 bara and stirring rate of 1000 1/min.
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in previous work [14]. Because a lower activation energy indicates mass 
transfer limitations, we hypothesize that the high activation energy 
found in our study is a further clear indication of the intrinsic nature of 
the here-determined reaction rates. H12-BT dehydrogenation is found to 
be strongly affected by the concentration of H12-BT as shown by the 
reaction order a1 of around 2. The reduced activity with increasing 
hydrogen partial pressure results in a reaction order regarding hydrogen 
a2 of close to − 0.5. H6-BT dehydrogenation seems to be almost inde
pendent on H6-BT concentration with b1 being determined with a value 
close to 0. However, the reverse reaction is dependent on H6–BT con
centration and so is the overall reaction rate. H6-BT dehydrogenation is 
negatively influenced by increasing hydrogen partial pressure as the 
reaction order for hydrogen b2 is − 0.8.

Fig. 6 compares the regressed and experimentally determined con
centrations to evaluate the quality of the fit. In most cases the deviation 
between experimental and calculated values is below 20 %, indicating 
that the kinetic model is suitable for describing the major effects of the 
process parameters on the formation and consumption rates of H12-BT, 

H6-BT and H0-BT, respectively. Furthermore, no systematic deviations 
are observed. The quality of the fit is also emphasized by a high adjusted 
coefficient of determination R2

adj of 0.992.

Fig. 5. Effect of the hydrogen partial pressure on DOH over time and consumption/formation of H12-BT, H6-BT and H0-BT at a reaction temperature of 310 ◦C. Pt to 
LOHC-ratio of 1/57135, powder catalyst < 250 μm, 4 – 5.2 bara and stirring rate of 1000 1/min.

Table 1 
Estimated parameters of the intrinsic kinetic model to describe the ground 
powder catalyst.

k0,1 7.13e8 La1g− 1
kat molH12

− a1+1 bar− a2 s− 1

EA,1 149.72 kJ mol− 1

a1 2.08 −

a2 − 0.53 −

k0,2 2.68e8 Lb1g− 1
kat molH6

− b1+1 bar− b2 s− 1

EA,2 141.39 kJ mol− 1

b1 1.8e-6 −

b2 − 0.8 −

Fig. 6. Parity diagram comparing the experimentally determined and regressed 
concentrations obtained from the developed kinetic model based on experimental 
data with the ground powder catalyst.
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3.4. Effective reaction rate using commercial catalyst pellets

While our batch experiments with the milled catalyst were designed 
to ensure intrinsic kinetics free from any mass transport influence, the 
operation of a H12-BT dehydrogenation reaction in a continuous fixed- 
bed tubular reactor requires a careful re-examination of such potential 
limitations. A milled catalyst would cause a too high pressure drop in a 
continuously operated fixed-bed reactor and thus a pellet catalyst needs 
to be used in continuous operation. External mass transfer limitations 
can be excluded by choosing sufficient flow rates of the reactants and a 
proper reactor design. Internal mass transfer limitations cannot be 
influenced by flow rates or reactor design for a given pellet catalyst. As 
the catalyst needs to be used in its original shape, the estimation of ki
netic parameters for the pellet catalyst is required for the design of a 
continuously operated fixed-bed reactor using the commercially avail
able catalyst. The synthesis of a new catalyst with increased pore size 
would be an option to improve internal mass transfer while maintaining 
a low pressure drop. However, the proper dispersion of the Pt nano
particles requires a certain range of support pore sizes.

In this light we were interested to investigate next to the milled 
catalyst also the commercial pellet catalyst in its original state to 
determine a kinetic model for its effective hydrogen release rate. Our 
intension is to compare the intrinsic and the effective reaction rates in 
order to determine the optimization potential through catalyst design, e. 
g. by developing targeted modifications of the catalyst shape for the 
operation conditions of interest. Our experiments for the parameter 
estimation for the effective kinetic approach have been carried out at 
temperature between 280 ◦C and 320 ◦C and the pressure between 2 and 
6 bara. The found dependencies of the reaction rate on temperature and 
pressure are qualitatively equal to the dependencies of the intrinsic 
model and are summarized in the ESI (see Figs. S7, S8 and S9). The same 
kinetic approach and the same procedure as described above were used 
to estimate the parameters for the effective H12-BT dehydrogenation 
kinetics. The estimated parameters are given in Table 2.

The determined activation energy for both reactions (H12-BT to H6- 
BT and H6-BT to H0-BT) is between 110 and 115 kJ mol− 1. This lower 
value is expected and reflects the internal mass transfer effect on the 
temperature dependency of the reaction rate. Noticeably, the reaction 
order b1,eff is significantly higher than in the intrinsic approach. All 
other estimated reaction orders are lower in the effective kinetic 
approach than in the intrinsic approach. Fig. 7 shows the parity plot of 
the regressed and measured concentrations of H12-BT, H6-BT and H0- 
BT. The deviation is mostly below 20 % and no systematic deviation 
can be detected. The adjusted coefficient of determination R2

adj is 0.994 
and confirms the high quality of the fit.

3.5. Catalyst utilization

The catalyst utilization η is defined as the ratio of the effective re
action rate and the intrinsic reaction rate for a given set of process pa
rameters (see Eq. (6). The catalyst utilization η is calculated using the 
effective and intrinsic approach related to the catalyst mass with the 
corresponding parameters given in Tables 1 and 2. A high catalyst uti
lization is desired to make maximum usage of the expensive precious 

metal in the catalyst. Based on our developed models the catalyst uti
lization can now be calculated for the commercial catalyst over a wide 
range of process conditions. The result can give guidelines for future 
optimization of pelletized H12-BT dehydrogenation catalysts. 

η =
reff

rint
(6) 

Fig. 8 shows the estimated catalyst utilization for the pressure range 
between 2 and 5 bara total pressure and temperatures between 270 ◦C 
and 345 ◦C. This parameter range is highly relevant for the technical use 
of the liquid phase H12–BT/H6-BT dehydrogenation. The catalyst uti
lization is calculated for H12-BT and H6-BT dehydrogenation. The re
action rate for H12-BT dehydrogenation is calculated for a H12-BT 
conversion of 2.5 %. The reaction rate of H6-BT dehydrogenation is 
determined up to a H0-BT yield of 2.5 %. Both selections have been 
made to calculate the effectiveness factor at the highest relevant system 
activity.

As expected, the catalyst utilization decreases with rising tempera
ture as the surface reaction is strongly, and the mass transfer rate is only 
mildly dependent on temperature. Catalyst utilization increases with 
rising hydrogen partial pressure and rising total pressure. In general, the 
catalyst utilization is below 50 % with the tested commercial catalyst 
despite the fact that this catalyst material is characterized by an egg- 
shell impregnation to mitigate internal diffusion limitation. Thus, our 
results indicate that catalyst utilization could be increased if the thick
ness of the egg-shell layer would be reduced, or the pore diameter of the 
support material would be further increased. This information is very 
relevant for future catalyst optimization studies.

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

4. Conclusion

In this publication, the dehydrogenation of H12-BT in the liquid 
phase has been investigated in detail using a commercially available 
catalyst. For the first time, a kinetic approach has been developed that 
considers the consecutive nature of the reaction involving both the 
dehydrogenation of H12-BT to H6–BT and the dehydrogenation of H6- 
BT to H0-BT and thermodynamic limitation. Furthermore, the pres
sure dependency of liquid phase H12-BT dehydrogenation was 

Table 2 
Estimated parameters of the kinetic model developed to describe the effective 
kinetics with the commercial pelletized catalyst in its original shape.

k0,1,eff 1.73e5 La1,eff g− 1
kat molH12

− a1,eff+1 bar− a2,eff s− 1

EA,1,eff 112.41 kJ mol− 1

a1,eff 1.53 −

a2,eff − 0.33 −

k0,2,eff 6.67e4 Lb1,eff g− 1
kat molH6

− b1,eff+1 bar− b2,eff s− 1

EA,2,eff 107.58 kJ mol− 1

b1,eff 0.16 −

b2,eff − 0.37 −

Fig. 7. Parity diagram comparing the experimentally determined and regressed 
concentrations obtained from the kinetic model for the H12-BT dehydrogenation 
with the pellet catalyst.
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investigated in detail and considered in the kinetic approach.
First, the intrinsic kinetics of the reaction were investigated by 

strictly excluding mass transfer influences through external and internal 
diffusion. This was realized by sufficient stirring in the applied batch 
dehydrogenation reactor and using milled catalyst particles. It was 
found that external mass transfer influences can be excluded under the 
applied conditions. While the commercial pellet catalyst with a pellet 
size of around 3 mm was found to be limited by internal mass transport, 
grinding of the pellets to smaller than 500 µm proved effectively to 
prevent pore diffusion limitation.

Based on the experimental data collected for reactions free of mass 
transfer influences, expressions for the intrinsic kinetics of H12-BT and 
H6-BT dehydrogenation were developed. For this purpose, a power law 
approach that considers limitation of the thermodynamic equilibrium 
has been applied. The kinetic parameters were estimated for the intrinsic 
reaction rate. Subsequently, effective kinetic data for the technical 
catalyst pellets under internal mass transfer limitation were collected in 
the same way followed by parameter estimation for this technically very 
relevant case. For both cases, intrinsic and effective kinetics, the reac
tion rates can be predicted with the developed model in a high accuracy 
with coefficients of determination above 0.99. This underscores the 
suitability of the developed kinetic approach as a basis for creating a 
reactor model that can be used to evaluate LOHC-based on board 
hydrogen supply in mobile applications. By comparing the calculated 
intrinsic and effective reaction rates, a catalyst utilization factor can be 
calculated. All calculated effectiveness factors were below 0.5 which 
shows that the utilization of the commercial pelletized catalyst leaves 
still a lot of room for further optimization, for example, by adapting the 
pellet size and pellet shape to the specific requirements of the H12-BT 
dehydrogenation reaction.
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